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ABSTRACT
MICROBEAD-BASED BIOSENSING IN MICROFLUIDIC DEVICES
Jason A. Thompson
Haim H. Bau

Microbeads are frequently used as a solid support to capture target analytes of
interest, such as proteins and nucleic acids, from a biological sample. The integration of
microbeads into microfluidic systems for biological testing is an area of growing interest.
Such "lab-on-chip" systems are designed to integrate several functions of a conventional
laboratory onto a single chip. As a platform to capture targets, beads offer several
advantages over planar surfaces such as large surface areas to support biological
interactions (increasing sensitivity), the availability of libraries of beads of various types
from many vendors, and array-based formats capable of detecting multiple targets
simultaneously (multiplexing). This dissertation describes the development and
characterization of microbead-based biosensing devices. A customized hot embossing
technique was used to stamp an array of microwells in a thin plastic substrate where
appropriately functionalized agarose microbeads were selectively placed within a
conduit. Functionalized quantum dot nanoparticles were pumped through the conduit and
used as a fluorescent label to monitor binding to the bead. Three-dimensional finite
element simulations were carried out to model the mass transfer and binding kinetics on
the beads’ surfaces and within the porous beads. The theoretical predictions were
critically compared and favorably agreed with experimental observations. A novel
vi

method of bead pulsation was shown to improve binding kinetics in porous beads. In
addition, the dissertation discusses other types of bead arrays and demonstrates
alternative bead-based target capture and detection strategies. This work enhances our
understanding of bead-based microfluidic systems and provides a design and
optimization tool for developers of point-of-care, lab-on-chip devices for medical
diagnosis, food and water quality inspection, and environmental monitoring.
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CHAPTER 1: Introduction
1.1 Lab-On-Chip Technology and Microfluidics
The invention of microprocessors facilitated a revolution in information
technology and led to the creation of many new industries. A similar transformation is
currently taking place in the medical, chemical, and biological community, where many
of the functions of a conventional laboratory are being integrated and reduced into a
single credit-card sized chip (Figure 1.1).

Microfluidics technology, utilizing the

manipulation of micro to nanoliter volumes of fluid, provides an avenue to such systems.
These so-called lab-on-chip systems are of significant interest to researchers for many
reasons including (i) reduced costs due to minute sample and reagent consumption, (ii)
improved sensitivity, (iii) shorter analysis times, (iv) simple operation by minimally
trained personnel, (v) portability, and (vi) disposability (Ng et al. 2010; Phillips and
Wellner 2007; Mauk et al. 2007). Lab-on-chip devices are often used as biosensors to
capture biological targets, such as proteins and nucleic acids, from a complex sample and
facilitate, among other things, medical diagnosis (e.g. HIV or malaria screening), food
and water quality inspection (e.g. bacterial contamination test), and environmental
monitoring (e.g. soil contamination test). All immunoassay procedures, including sample
introduction, antigen-antibody incubation, washing, labeling, and detection can be carried
out in an automated fashion in the microfluidic device. Thus, these devices offer
relatively sophisticated laboratory capabilities at the point-of-care, at home, and in
resource poor regions (Hart et al. 2011; Jokerst et al. 2010; Liu et al. 2009a; Linder
2007).
1

Figure 1.1: A schematic depiction of the integration and miniaturization of laboratory
functions onto a chip (Chow 2002).

Polymeric materials are a popular choice for microfluidic devices because they
are inexpensive; amenable to various bonding techniques; exhibit good optical properties;
are machinable by a variety of methods such as milling, injection molding, and hot
embossing; facilitate monolithic production; and eliminate the need for packaging.
Polystyrene, polycarbonate, acrylic, polydimethylsiloxane (PDMS), and cyclic olefin
copolymer (COC) are several common chip materials. Among these, COC is particularly
advantageous due to its chemical stability, optical transparency, and low autofluorescence
(Laib and MacCraith 2007; Mair et al. 2006). Autofluorescence is unwanted background
fluorescence that can interfere with signal readings of captured analytes and adversely
affect limits of detection (Piruska et al. 2005). COC chips can be mass-produced by

2

injection molding and/or hot embossing. For these reasons, we focus primarily on COC
substrates for chip fabrication in this dissertation.
To enable a biosensing test, a receptor capable of specifically binding the target
must be immobilized at a particular location inside the chip. In recent years, there has
been a growing interest in using spherical particles known as microbeads as a solid
support for capturing targets in both benchtop and microfluidic systems (Lim and Zhang
2007a; Verpoorte 2003; Qiu et al. 2009). Typically, the beads are polymeric (e.g.
polystyrene or agarose), porous or non-porous, range in size from a few micrometers to a
few hundred micrometers, and can be readily purchased with various surface
functionalizations such as oligonucleotides, antibodies, and antigens. Microbeads and
their incorporation as a biosensing platform in microfluidic chips is the primary focus of
this dissertation.
1.2 Microbeads in Biosensing
The integration of bead-based affinity assays into microfluidic chips is currently
an area of growing interest. Recent reviews by Ng et al. (2010) and Derveaux et al.
(2008) discuss the synergy between microbead and microfluidic technologies. As a
platform to capture targets, beads offer several advantages over planar configurations
including large surface areas to support biological interactions (increasing sensitivity),
the availability of a library of bead types from many vendors, and array-based formats
capable of detecting multiple targets simultaneously (multiplexing). For example, 1 g of
0.1 µm diameter beads has a total surface area of about 60 m2 (Verpoorte 2003).
Furthermore, increased concentrations of bound target on a bead's surface relative to

3

solution can yield greater signal intensities than for the same reaction in solution. Thus
beads can improve detection limits by essentially amplifying the signal.
Due to their high throughput, sensitivity, and reduced assay times compared to
their macroscopic counterparts, bead-based microfluidic devices are especially vital in
providing rapid and accurate detection of disease biomarkers in point-of-care applications
(Jokerst et al. 2009; Derveaux et al. 2008). Several recent bead-based assay studies have
demonstrated this principle. Agarose microbeads localized in micromachined cavities on
a silicon wafer chip enabled simultaneous detection of cardiac risk factors C-reactive
protein and Interleukin-6 in human serum samples (Christodoulides et al. 2002), as well
as reduced DNA hybridization times from 4-12 hr to 5-40 min (Ali et al. 2003). Antigenantibody analysis times reduced from 24 hr to less than 1 hr to detect human secretory
immunoglobulin A (Sato et al. 2000), and from 45 hr to 35 min to detect
carcinoembryonic antigen (Sato et al. 2001) were achieved in a microchip using
antibody-coated

polystyrene

microbeads.

Antigen-coated

magnetic

microbeads

immobilized on-chip allowed rapid and sensitive quantification of human serum
immunoglobulin G antibodies to Helicobacter pylori (Pereira et al. 2010).
A wide variety of substrate materials fabricated with various techniques are
capable of accommodating beads on-chip. For instance, wells, chambers, cavities, and
weirs are commonly made on glass substrates (Sato et al. 2002; Sivagnanam et al. 2008),
silicon wafers (Ali et al. 2003; Xu et al. 2008; Hashmi et al. 2005), and optical fibers
(Blicharz et al. 2009; Bowden et al. 2005; Ferguson et al. 2000) using photolithographic
and etching techniques, and on PDMS (Shin et al. 2007; Zhou et al. 2006; Jeong et al.
2008; Murakami et al. 2004) using soft lithography. While the above techniques rely
4

primarily on top-down fabrication steps, bottom-up or self-assembly methods of
fabrication have also been used in certain applications. For example, a uniform hexagonal
array of spherical microcavities was formed by incorporating condensed water droplets
into an elastomer film and allowing the water to evaporate leaving behind vented,
spherical cavities (Shojaei-Zadeh et al. 2009). Numerous types of ordered microwell
arrays have been created in various materials using monolayers of colloidal crystals (Li et
al. 2008). While novel, the above works describe the formation of wells in materials that
are infrequently used for point-of-care devices.
A number of patterning techniques enable precise positioning of beads on-chip.
Array (Ali et al. 2003; Zhou et al. 2006; Filipponi et al. 2009; Li et al. 2005;
Christodoulides et al. 2002) and packed bed (Shin et al. 2007; Jeong et al. 2008; Chung et
al. 2005) formats are often utilized to arrange beads in microfluidic devices. Tools such
as magnetic fields (Barbee and Huang 2008; Pamme 2006; Gijs 2004), electric fields
(Barbee et al. 2009; Rosenthal and Voldman 2005), and micropipettes (Liu et al. 2009b)
may assist in bead placement. In one embodiment with multiplexing capabilities,
differentially functionalized, encoded beads are randomly dispersed in an ordered
microwell array, enabling the simultaneous analysis of an assortment of biomolecules in
a single assay. The beads are encoded with a distinct brightness or color to allow for
individual identification. For example, such beads were distributed among wells etched in
fiber-optic substrates to detect DNA and inflammatory cytokines in saliva (Blicharz et al.
2009; Bowden et al. 2005; Ferguson et al. 2000); in silicon wafers for large-scale, rapid
blood group DNA typing (Hashmi et al. 2005; Stevens and Iwaki 2008); and in PDMS
substrates containing an array of dome-shaped structures with interstitial wells to detect
5

antirabbit immunoglobulin G (Lim and Zhang 2007b). Microbeads with different
oligonucleotide probes for rapid DNA detection have also been randomly, sequentially
dispersed on gel pads comprised of an array of micropillars and their positions identified
following each dispersion step, thus, eliminating the need for coding (Ng et al. 2008).
A few studies have examined the binding kinetics of several types of
biomolecules to functionalized, micron-sized bead surfaces. These include the binding of
(i) biotinylated DNA (Fujita and Silver 1993; Huang et al. 1996) and fluorescein biotin
(Buranda et al. 1999) to streptavidin-coated beads, (ii) biotinylated horseradish
peroxidase to avidin-coated beads (Ku and Lentrichia 1989), (iii) glutathione Stransferase (GST) to anti-GST antibody-coated beads (Sasuga et al. 2006), and (iv)
proteins to aptamer-coated beads (Kirby et al. 2004), as well as (v) the hybridization of
target DNA to complementary DNA immobilized on beads (Henry et al. 1999; Stevens et
al. 1999). Although good knowledge of bead binding kinetics is critical for effective
implementation of microbead technology, there are just a few systematic studies
addressing this issue (Verpoorte 2003).
Figure 1.2 depicts some of the primary research groups and companies
specializing in microbead-based biosensing technology. Dr. John McDevitt's group
(formerly at the University of Texas at Austin; currently at Rice University) developed
novel methods to construct agarose bead (~300 µm in diameter) arrays in a silicon wafer
containing pyramidal wells etched through its thickness (Figure 1.2a). LabNow, Inc.
(Austin, TX) commercialized McDevitt's technology in 2003 and remains a private
company specializing in providing accessible point-of-need solutions that improve global
health. Dr. David Walt's group (Tufts University) pioneered an elegant technique to
6

a

b

(www.tastechip.com/www/labchip/lab
_on_a_chip.html)

(www.illumina.com/technology/
beadarray_technology.ilmn)

c

d

(http://www.immucor.com/bioarray)

(http://www.luminexcorp.com
/technology/index.html)

Figure 1.2: Several existing platforms for microbead-based biosensing. (a) 300 µm
beads in a silicon wafer (Dr. John McDevitt's group; Rice University; LabNow, Inc.;
"Nano-Bio-Chip"). (b) 3 µm beads in a silicon wafer or optical fiber bundle (Dr.
David Walt's group; Tufts University; Illumina, Inc.; "BeadArray Technology"). (c) 3
µm beads in a silicon wafer (BioArray Solutions, An Immucor Company;
"BeadChip"). (d) 5.6 µm beads with a flow cytometer (Luminex Corporation; "xMAP
Technology").
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randomly pattern encoded microbeads (~3 µm in diameter) on etched fiber optic bundles
and silicon wafers (Figure 1.2b). Illumina, Inc. (San Diego, CA) commercialized Walt's
technology in 1998 and has grown rapidly since then by applying innovative technologies
to study genetic variation and function. Illumina publicly trades on the NASDAQ stock
exchange under the symbol ILMN. Another company, BioArray Solutions (Warren, NJ),
developed a technology similar to Walt's for randomly patterning encoded beads (~3 µm
in diameter) on silicon wafers (Figure 1.2c). BioArray Solutions was purchased by
Immucor, Inc. in 2008 and currently trades under the symbol BLUD. Luminex
Corporation (Austin, TX), incorporated in 1995, developed a flow cytometer, dual laser
based system to read emissions from beads (5.6 µm in diameter) with up to 100 unique
fluorescent signatures (Figure 1.2d). Luminex provides technology for rapid, sensitive,
cost-effective, and multiplexed bioassays and currently trades under the symbol LMNX.
1.3 Motivation for Research and Organization of Dissertation
Although microbeads are increasingly prevalent in microfluidic biosensors, and
good knowledge of mass transfer and binding kinetics in porous and non-porous beads is
critical for effective implementation of microbead technology, there is a fundamental lack
of studies in this area. We aim to address a host of key issues associated with integrating
microbeads on a chip. For example, (1) we are unaware of existing three-dimensional
computer models capable of predicting bead binding kinetics that have been verified
experimentally; (2) few existing biosensor designs are capable of directly integrating
microbead arrays of various sizes and assembly techniques into plastic devices; (3) the
coupling of the unique elastic and sponge-like nature of certain porous beads has not been
investigated as a means of increasing binding rates; (4) limited data is available on the
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shelf life of bead-based chips; and (5) few studies examine the feasibility of using
portable, handheld devices to measure bead fluorescent emissions on a chip.
The motivation for this dissertation is therefore to conduct a comprehensive,
systematic investigation of microbead-based biosensing in microfluidic devices. The
novelty of this work will be demonstrated by developing a new set of experimental
devices and theoretical models to understand and advance the current state of bead-based
biosensing chips. The dissertation, following this introductory chapter (Chapter 1), is
organized as follows:

Chapter 2: Describes a method of integrating microwell arrays of various sizes directly in
a plastic substrate and assembling the substrate into a microfluidic chip.
Includes a discussion of autofluorescence and photobleaching issues that may
adversely impact chip performance.
Chapter 3: Describes a technique to selectively place beads within an array and perform
an affinity assay. Develops a theoretical model to predict mass transfer and
binding kinetics for an impermeable, non-porous bead.
Chapter 4: Describes a method to analyze binding for a permeable, porous bead using
confocal microscopy. Develops a theoretical model to predict mass transfer
and binding kinetics for a porous bead. Discusses the impact of bead
compression on test characteristics.
Chapter 5: Describes a method of controllable uniaxial bead pulsation to enhance binding
kinetics in porous beads.
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Chapter 6: Describes further characterization of the behavior of beads on a chip,
including shelf life studies and alternative measurement techniques with a
handheld reader.
Chapter 7: Describes techniques to incorporate randomly structured microbead arrays in
a pouch-based cassette and in a flow cell. Validates the biosensing capability
of each device using a bead-based immunoassay.
Chapter 8: Concludes the dissertation and provides a future outlook.
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CHAPTER 2: Fabrication of Microwell Arrays in Plastic by Hot
Embossing and Assembly of Microfluidic Chip
2.1 Introduction
Hot embossing is a convenient and repeatable way to rapidly stamp micropatterns
in polymers using a prefabricated multiuse master (Becker and Heim 2000; Kimerling et
al. 2006). The process involves heating a master containing microfeatures to above the
softening temperature of the polymer, and then pressing the polymer against the master.
Once the micropattern on the master transfers to the plastic, pressure is relieved, and
typically both the master and polymer are allowed to cool to below the polymer softening
temperature before separating the two pieces. In this chapter, we first discuss the two
master fabrication techniques (plasma-etching and machining) we used to create an array
of micropins, and then describe our custom-built hot embossing setup used to stamp a
corresponding set of microwell arrays. To fabricate pins smaller and larger than
approximately 80 µm in diameter and 60 µm in depth, respectively, we used
photolithography of silicon and computer numerical control (CNC) machining of
aluminum. Next we describe how an embossed substrate containing a microwell array is
assembled into a microfluidic chip. The assembly process employs disposable materials,
is simple, and does not require sophisticated facilities. Finally we describe how two
issues, autofluorescence and photobleaching, can adversely impact the performance of
bead-based microfluidic chips.
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2.2 Fabrication of Silicon Stamping Masters from Photolithography
2.2.1 Formation of Large Diameter, Tall Pins
To emboss wells ~40-60 µm in depth to accommodate agarose beads (with greater
depth precision than could be achieved by CNC machining), a master containing a 2×2
array of protruding pins was fabricated in silicon using standard photolithography
techniques. Three layers of Microposit S1827 positive photoresist (Rohm and Haas,
Philadelphia, PA) were spun (25 sec at 2000 rpm) and then baked (2 min at 120 °C) on a
3-inch silicon wafer. The resist was patterned in a Karl Suss MA-4 mask aligner (SUSS
MicroTec Inc., Waterbury Center, VT) using a chrome/glass photomask (150 sec UV
exposure), and developed (~8 min) in Microposit MF319 Developer (Rohm and Haas,
Philadelphia, PA). Following a post-bake (120 °C for 7 hrs), with the resist serving as the
etch mask, the silicon was plasma-etched (200 W for 45 min) with a gas mixture of SF6
and O2 (PlanarEtch II plasma machine, Technics Inc., San Jose, CA) to form the pin
array. Finally the remaining resist was removed (10 min submersion) with Microposit
Remover 1165 resist stripper (Rohm and Haas, Philadelphia, PA).
2.2.2 Formation of Small Diameter, Short Pins
To emboss wells ~1-3 µm in depth to accommodate methylstyrene-based polymer
beads, a second type of master was fabricated in silicon using standard photolithography
techniques. The master contained two different square patterns: one with 15 µm spacing
between pin centers (pitch) and the other with 30 µm pitch. The size of the array, the
number of wells and the wells' sizes, shape, and pattern can vary to accommodate
particular needs. Microposit S1827 positive photoresist (Rohm and Haas) was coated on
a 3-inch silicon wafer. The resist was patterned in a Karl Suss MA-4 mask aligner (SUSS
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MicroTec Inc.) using a chrome/glass photomask, and developed in Microposit MF319
Developer (Rohm and Haas). With the resist serving as the etch mask, the silicon was
plasma-etched (PlanarEtch II, Technics Inc.) to form the pin array using a gas mixture of
SF6 and O2. Finally, the remaining resist was removed using Microposit Remover 1165
resist stripper (Rohm and Haas).
The geometries of the silicon pin array, stamped wells, and bead-well interface
were imaged using an atomic force microscope (Dimension 3100, Digital Instruments,
Veeco Metrology Group, Santa Barbara, CA), a dual-beam focused ion beam scanning
electron microscope (Strata DB 235, FEI Company, Hillsboro, OR), and a field-emission
scanning electron microscope (Quanta 600 FEG Mark II ESEM, FEI Company).
2.3 Fabrication of Aluminum Stamping Masters from CNC Machining
To emboss wells deeper than ~60 µm in depth, masters were fabricated in
aluminum using a precision Haas Office Mill CNC machine (Haas Automation Inc.,
Oxnard, CA). Aluminum is inexpensive (~$20 for 12" × 12" × ¼" sheet), machines well,
and can be rapidly heated and cooled during embossing (Mecomber et al. 2005). The
master geometry was designed in SolidWorks (SolidWorks Corp., Concord, MA) and
machining tool paths were defined in SolidCAM (SolidCAM Ltd., Or-Yehuda, Israel).
These two software packages are specifically designed to work together, which allows for
seamless part updates and regeneration of the G-code, which is read line-by-line by the
CNC machine. Various microtools, for example a 75 µm diameter carbide end mill
(Harvey Tool Company, LLC, Rowley, MA), were used to cut a 2×2 array of cylindrical
pins (diameter: ~80 µm, depth: ~60 µm, center-to-center spacing: 250 µm). By planing
the surface of the stock aluminum flat before machining the pins, the depth of the pins
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could be controlled quite accurately to within a tolerance of ± ~10 µm. The maximum
depth that can typically be achieved with these micro end mills is 1.5-3 times the
diameter of the tool. The smallest diameter end mill we used during fabrication was 50
µm. The tool feed rate was 0.5 inch min-1 around the pins and 1 inch min-1 away from the
pins with a spindle speed of 30,000 rpm.
2.4 Hot Embossing of Microwell Arrays in Plastic
2.4.1 Embossing of Large Diameter, Tall Pins with Silicon Master
Following fabrication, the master was epoxy-bonded to a small aluminum block
to increase its rigidity and prevent fracture during embossing. A custom-built embossing
setup (Figure 2.1) was made by placing the master and COC substrate on a small hotplate
(Isotemp, Fisher Scientific, Pittsburgh, PA) mounted under an upright, vertical
microscope stage. The setup consisted of components that could readily be found in most
scientific laboratories, avoiding the need to specially purchase a hot embossing machine.

substrate

vertical
stage

master
hotplate

Figure 2.1: Custom-fabricated hot embossing setup to stamp a microbead array. The
plastic substrate is lowered and pressed against the heated master using the knob on
the vertical stage.
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Furthermore, the setup's small footprint (~1 cubic foot) rendered it easily transportable,
with an assembly time of less than 1 min at a desired location. The microscope's
objectives were removed and replaced with a flat block of aluminum that served as an
upper stamping surface. Downward pressure (enough to slightly compress the rubber feet
on the hotplate) was applied at an embossing temperature of 200 ºC for 1-2 sec by turning
the knob mounted on the stage and lowering the head to the heated surface. After
stamping, the master and substrate were removed from the hotplate and allowed to cool at
room temperature. Figure 2.2a is a Scanning Electron Microscope (SEM) image showing
the master etched in silicon. The pitch of the array was 250 ± 0.6 µm. The pins were 44 ±
1 µm tall, and the pin's diameter varied from approximately 60 µm at the top to 80 µm at
the base as a result of the etching process. Figure 2.2b depicts the corresponding wells
hot embossed in COC. The wells were tapered, and they ranged in diameter from 60
(bottom) to 80 (top) ± 2 µm and had a depth of 44 ± 4 µm. The tolerance of the distance
between the well centers was a fraction of a micron.
2.4.2 Embossing of Small Diameter, Short Pins with Silicon Master
Following fabrication, the master was epoxy-bonded to a small aluminum block
to increase the master's rigidity and prevent fracture during embossing. The custom-built
embossing setup utilized here was similar to that described above. Briefly, the master was
placed on a small hotplate (Isotemp, Fisher Scientific, Pittsburgh, PA) mounted beneath
an upright vertical microscope stage. The microscope's objectives were removed and
replaced with a flat block of aluminum containing a row of three mounting pillars. The
COC substrate was fixed to the two outside pillars with double-sided tape, and the middle
pillar served as an upper stamping surface. Downward pressure (enough to slightly
15

a

b

Figure 2.2: (a) Electron micrograph of stamping master with large pins etched in
silicon. (b) Corresponding wells hot embossed in COC.

a

b

Figure 2.3: (a) Electron micrograph of stamping master with small pins etched in
silicon after embossing ~30 substrates. (b) Corresponding wells hot embossed in COC.
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compress the rubber feet on the hotplate) was applied at an embossing temperature of 200
ºC for 1-2 sec by turning the knob mounted on the stage and lowering the head to the
heated surface. Following stamping, the head was lifted and the substrate was removed
from the pillars. We did not need to treat the surface of the master to avoid sticking to the
substrate. Although we focus on COC substrates in this thesis, we have also hot
embossed wells in other plastics such as polycarbonate.
An important advantage of our system is the ability to rapidly, repeatedly, and
consistently stamp well arrays in a plastic substrate. Figure 2.3a shows a portion of the
master (15 µm pitch) etched in silicon after embossing approximately 30 arrays. The
tapered, circular pins were 1.8 µm tall, and, as a result of the etching process, their
diameter varied from approximately 3.7 µm at the top to 5.1 µm at the base. Figure 2.3b
shows the corresponding wells hot embossed in COC. The pattern from the silicon master
precisely transferred to the plastic, and the tapered wells ranged in diameter from 3.7
(bottom) to 5.1 (top) ± 0.1 µm and had a depth of 1.8 ± 0.05 µm, as measured with an
atomic force microscope. The tolerance of the distance between the well centers was
approximately 0.25 µm. Tolerances were established by measuring multiple wells from
several different arrays, illustrating that the geometry of the pins remained in near pristine
condition after repeated use. The time required to stamp each array was approximately 1
min, an attribute made possible because the master remains on the hotplate at constant
temperature during repetitive stamping, and only the microscope head (containing the
plastic substrate) is raised and lowered from the heated surface. This is an improvement
over Section 2.4.1, where both the substrate and master were removed from the hotplate
and allowed to cool for several minutes following each stamp.
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a

b

Figure 2.4: (a) Electron micrograph of CNC-machined aluminum stamping master
after embossing ~40 substrates. (b) Corresponding wells hot embossed in COC.

2.4.3 Embossing of Large Diameter, Tall Pins with Aluminum Master
Figure 2.4a shows a master containing a 2×2 array of CNC-machined pins at the
center of the aluminum. Tool marks produced by the end mill during machining are
visible at the base of the pins. Figure 2.4b shows the corresponding wells hot embossed
in COC.

The master remained in good condition after stamping over 40 plastic

substrates. While microwells embossed from aluminum masters were sufficient for a
variety of preliminary bead placement experiments, the ability of silicon microfabrication
to produce more accurate microfeatures made silicon wafer patterning the desired
technique for microwell array formation.
2.5 Assembly of Microfluidic Chip
The microfluidic chip (Figure 2.5) consisted of three layers: a bottom 100 µm
thick COC substrate (Plitek, Des Plaines, IL) containing the embossed microwell array; a
central double-sided adhesive tape with a conduit cut in its center with a laser machine;
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and a top 100 µm thick COC cover (Plitek). The adhesive tape acted as a spacer, dictating
the height of the conduit, as well as a sealing material. We used 50 µm (Carolina Tape
and Supply Corporation, Hickory, NC) and 75 µm (Tape-Rite Co. Inc., New Hyde Park,
NY) thick tapes for our experiments. The COC cover contained inlet and outlet ports. The
wells could be populated with beads either selectively (Figure 2.5a) or randomly (Figure
2.5b), as described in Chapters 3 and 7, respectively. Thin top and bottom substrates were
chosen for the device to minimize background fluorescence, which decreases as the
thickness of the plastic decreases (Hawkins and Yager 2003) and is discussed in the next
section. The parts for multiple chips (substrate and conduit) were fabricated
simultaneously with a laser cutter (X-660, Universal Laser Systems, Scottsdale, AZ),
requiring less than 1 min per chip. A slightly tapered conduit was cut in the adhesive
membrane to form a flow channel, since we observed in the experiments that the taper
minimized entrapment of air bubbles as compared to a straight conduit. After the
membrane was bonded to the base substrate containing the microbead array, the top of
the channel was sealed with a second piece of COC containing a sample inlet port. Inlet
Controllably
Assembled
Microbead
Array

Randomly
Assembled
Microbead
Array

12 mm

50 µm tall

Conduit
Inlet

50 mm
Reagent
Flow

b

a

Figure 2.5: (a) A schematic depiction of the experimental chip containing the
controllably assembled microbead array (4 beads are shown). (b) The same chip
containing the randomly assembled microbead array (2 bead types are shown).
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tubing was fixed in place with a small PDMS block and connected to a programmable
syringe pump (PHD 2000, Harvard Apparatus, Holliston, MA). In some experiments, the
PDMS block contained a trap (optional; not shown) to prevent any air bubbles arising
from interchanging reagent syringes from entering the chamber. Reagents exiting the chip
were absorbed with a Kimwipe (Kimberly-Clark Corporation, Neenah, WI) or collected
with an optional outlet tube and drain.
2.6 Autofluorescence and Photobleaching in Bead-Based Microfluidic Chips
With the prevalence of lab-on-chips in biotechnology today, it is important to
understand the material properties of these devices and identify some of the common
issues that arise when performing affinity assays. Two issues that can influence
experimental results in lab-on-chip devices are autofluorescence and photobleaching.
Autofluorescence is undesirable background fluorescence that interferes with on-chip
optical measurements and often leads to suboptimal limits of detection. The roots of
autofluorescence are varied, from additives routinely added to commercial polymers, to
particular reagents used to functionalize the surface of a microbead (Piruska et al. 2005;
Mair et al. 2006). Autofluorescence varies among different polymers and decreases as the
thickness of the substrate decreases because a lesser volume of material is being
illuminated (Hawkins and Yager 2003). Photobleaching occurs when a fluorophore loses
its ability to emit light due to photon-induced chemical damage. The underlying
mechanisms for photobleaching are not well understood, but the degree of bleaching is
dependent on the intensity and duration of exposure of the incident light (Herman et al.
2006). As demonstrated below, photobleaching can sometimes be intentionally exploited
to reduce autofluorescence.
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Controlling autofluorescence and photobleaching issues when they arise in
microfluidic devices is critical to obtain satisfactory imaging data. In our experiments,
these issues were first encountered when monitoring the binding of biotin-coated
quantum dots (biotin-QDot605, emission maximum at 605 nm, Invitrogen, Carlsbad, CA)
to 90 µm diameter streptavidin-coated polystyrene beads (Spherotech Inc., Libertyville,
IL). The streptavidin-coated polystyrene beads exhibited a significant autofluorescence.
Based on a personal communication with a representative of the bead manufacturer, the
autofluorescence is likely due to the addition of a functional group that is needed to
covalently couple the streptavidin to the polystyrene carboxyl derivative resin (KildewShah 2007). Other groups have also observed this phenomenon with streptavidin-coated
beads (Hinz et al. 2001; Ng et al. 2008). With this knowledge at hand, we did still
perform some preliminary experiments by incubating biotin-QDots with streptavidincoated polystyrene beads resting in a well. The early portion of a binding curve with a 1
nM QDot concentration is shown in Figure 2.6. Images were acquired with an
epifluorescence microscope (BX51, Olympus Corporation, Melville, NY) with a long
pass filter (ex: 470 nm, em: > 515 nm, filter set 11001v2, Chroma Technology
Corporation, Rockingham, VT) and a color CCD video camera system (Optronics,
Goleta, CA). Fluorescent micrographs of a single bead at 2, 6, and 11 min are included to
show how initial bead autofluorescence (green) decreases simultaneously as more QDots
(orange) bind to the surface of the bead. Figure 2.6 demonstrates that for the duration of
this short experiment, the bead surface is only partially covered with bound QDots.
We performed experiments to monitor the autofluorescence decay of streptavidincoated polystyrene beads under continuous illumination from the mercury discharge lamp
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Figure 2.6: Experimental binding curve using streptavidin-coated polystyrene beads
and 1 nM biotin-QDot605 solution. Relative fluorescent intensity of the bead (Ib) is
defined in arbitrary units (a.u.) as Ib(t) - Ib(t = 0). The initial autofluorescence of the
beads (green) decreases simultaneously as more QDots (orange) bind to the surface of
the bead.
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Figure 2.7: Autofluorescence decay of streptavidin-coated polystyrene beads under
continuous illumination from an epifluorescence microscope. (a) Absolute fluorescent
intensity of well-immobilized beads and COC substrate. (b) Plot in (a) normalized by
the maximum fluorescent intensity of each bead.
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on the microscope. The results for three beads for 60 min of illumination are shown in
Figure 2.7. The autofluorescence of the beads is being destroyed through photobleaching
as illumination continues. Figure 2.7a illustrates how bead autofluorescence is initially
much brighter, and decays more quickly, than the background emission of the COC
polymer substrate. Figure 2.7b, where bead intensity values were normalized by their
value at t = 0, demonstrates that beads with initially different autofluorescence intensities
follow similar decay rates when continually exposed to incident photons. Although these
experiments helped quantify the rate of the autofluorescence decay, it was still difficult to
accurately resolve signal fluorescence (emitted from bound QDots) from background
fluorescence (emitted from bead autofluorescence). For this reason, we early on switched
from streptavidin-coated polystyrene beads to streptavidin-coated agarose beads (Pierce
Biotechnology, Rockford, IL) because the agarose beads did not exhibit this inherent
autofluorescence problem.
Although the streptavidin-agarose beads did not inherently autofluoresce like the
polystyrene, the functionalized agarose was not completely void of fluorescence issues
under certain circumstances. In an attempt to photobleach any autofluorescence from the
COC substrate, and because QDots do not photobleach, the shutter on the microscope
was left open for an entire preliminary binding experiment, allowing continual filtered
light to shine on the beads and substrate. This resulted in the development, and
subsequent increase, of autofluorescence in the streptavidin-agarose beads, which was
originally mistaken to be QDots binding to the bead. The mechanism for this undesirable
observation is still unclear, but may be due to temperature effects resulting from the
prolonged exposure to incident light.
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Figure 2.8: Increased autofluorescence of high capacity streptavidin-coated agarose
beads due to continuous illumination from an epifluorescence microscope. This plot
demonstrates that the shutter on the microscope should only be opened briefly when
acquiring an image to avoid autofluorescence that may confound with fluorescent
emissions from bound QDots.

An experiment with streptavidin-agarose beads demonstrating this phenomenon is
shown in Figure 2.8. The substrate for the experiment contained 100 µm diameter wells
hot embossed in a 250 µm thick piece of COC. Fluorescent images were acquired as
described previously. Although it appears that the surface of the bead becomes saturated
with QDots after about 15 min, the increase in fluorescent intensity was due to
autofluorescence resulting from continuous illumination. This was verified because (i)
the fluorescence occurred for all emission wavelengths (the QDots only emit at 605 nm);
(ii) it occurred even for a buffer solution containing no QDots, so the surface of the bead
could not possibly be saturated with label; (iii) the intensity of the entire bead increased
uniformly with time in Figure 2.8, as opposed to actual specific binding of the QDots,
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where a bright ring starts at the periphery of the porous bead and proceeds toward the
center of the bead as binding continues; and (iv) real equilibrium required much longer
than 15 min (Chapters 3-5).
We applied the early lessons of this section to our subsequent experiments in
Chapters 3-7. In summary, these lessons are: (1) the autofluorescence of plastic substrates
can be reduced by decreasing the thickness of the substrate; (2) when choosing a
fluorophore or label reporter for an affinity assay, be mindful of incident light exposure
potentially inducing photobleaching; (3) when selecting functionalized microbeads for an
affinity assay, generally avoid beads that exhibit autofluorescence properties which may
interfere with fluorescent reporting; and (4) exposing beads and reporters to a minimum
amount of incident light (i.e., only opening the microscope's shutter when acquiring a
data point) usually reduces complications due to autofluorescence and photobleaching.
2.7 Conclusions
We used photolithographic microfabrication and CNC machining, respectively, to
generate micropin arrays in silicon and aluminum. The size of the pins and the array can
be tailored for individual needs and applications. We devised a customized hot
embossing setup employing readily available laboratory materials to directly stamp
microwell arrays in a plastic substrate. Direct fabrication of the uniform wells within the
conduit material, avoiding the need to interface with silicon or other components, is
likely to reduce the device's cost and complexity. The embossing process is rapid,
repeatable, and enables the wells to be loaded with beads using controllable (Chapters 34) or random (Chapter 7) techniques. We developed a microfluidic chip utilizing a lasercut double-sided tape conduit sandwiched between two pieces of COC to assemble a
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loaded array into a flow cell. The height of the conduit is easily controlled by adjusting
the thickness of the sealing tape. The forces immobilizing the beads in place in the array
during fluid flow are described in subsequent chapters. Overall, the entire chip fabrication
process is relatively simple and does not require sophisticated facilities. Finally, in this
chapter we described autofluorescence and photobleaching phenomena that may be
encountered in bead-based microfluidic chips, but can be overcome by an informed
experimentalist.
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CHAPTER 3: Non-Porous Microbead Affinity Assay: Experiments and
Finite Element Simulations
3.1 Introduction
Agarose beads are a common support for protein detection, DNA hybridization,
and affinity chromatography (Jokerst et al. 2011; Christodoulides et al. 2005; Ali et al.
2003; Ogata et al. 2002; Horstmann et al. 1986). As opposed to random assembly, where
beads randomly fill wells and an encoding step is necessary to identify the location of
each bead type (Ferguson et al. 2000; Ng et al. 2008; Bowden et al. 2005), here we
capture a bead of known functionalization with a micropipette, maneuver the
micropipette with a micromanipulator, and place the bead in a designated well. This
process is amenable to automation (Sohn et al. 2005). The 2×2 array of agarose beads is
contained within a single-use (disposable) microfluidic flow cell.
For our experiments, we used a model system comprised of a biotinylated
fluorescent label and streptavidin-coated agarose beads. The biotin-streptavidin system
was selected because of its simplicity and frequent use in bead-based assays (Ng et al.
2007; Kim et al. 2006; Wen et al. 2007). The experimental concepts, however, are also
applicable to other biological systems such as sandwich assays for antigen-antibody
interactions (Qian and Bau 2003).

In the array, we used "test" beads covalently

conjugated with the tetrameric protein streptavidin (MW = 52,800 Da). Streptavidin
binds very tightly to the vitamin biotin (MW = 244 Da). As a result, streptavidin-biotin
linkages are routinely employed in many biosensing assays. As the model target analyte,
we used biotin-conjugated quantum dots (10-12 nm in diameter). Quantum dots are
inherently brighter than other common fluorophores, are highly stable against
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photobleaching, and are often used in microbead assays (Zhang et al. 2010; Han et al.
2001; Gao and Nie 2004; Yun et al. 2006; Riegger et al. 2006; Agrawal et al. 2007). To
assess undesirable, non-specific binding of the target analyte to the agarose matrix,
several control tests were performed with plain agarose "control" beads.
To further understand our miniaturized microbead system, we performed threedimensional numerical simulations to model the binding of analyte to a bead immobilized
in a microfluidic channel. Although several prior modeling studies of heterogeneous
microfluidic assays examined the effect of channel geometry, flow rate, binding rate
constants, concentration, and volume and time constraints on analyte capture efficiency
(Myszka et al. 1998; Vijayendran et al. 1999; Zimmermann et al. 2005; Hu et al. 2007;
Parsa et al. 2008), they dealt with planar geometries and were restricted to two
dimensions. This simplification is not appropriate for three-dimensional, immobilized
bead systems.
3.2 Experiments
Experiments were first conducted to examine the material behavior of the
polydisperse agarose beads (wet diameter range of 27-200 µm with average diameter of
~90 µm (Xue and Sun 2003); 6% mass fraction crosslinked agarose support from Pierce
Biotechnology, Rockford, IL) during drying and rehydration. 100 µL of stock
streptavidin-agarose beads were washed tenfold and resuspended in 100 µL of deionized
water. Several microliters of solution were then serially diluted to a working
concentration of approximately 10-20 beads per microliter. A drop was pipetted onto a
glass microscope slide pre-cleaned with isopropanol. The initial hydrated diameter of
several beads of interest was measured with a microscope utilizing transmitted light (40x
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objective). The beads were then continuously monitored while the liquid in the drop
evaporated at room temperature. Once the beads had dried, their diameter was again
measured. Finally the beads were rehydrated with a 1 µL drop of deionized water and
their recovered diameter was tabulated. This process was repeated several times for
multiple beads of different initial diameters. Results demonstrate that upon drying the
diameter of the bead decreased by 60% ± 2% (e.g. a wet bead of 100 µm diameter shrank
to ~40 µm upon drying at room temperature), and after rehydration the bead returned to
its initial size (negligible hysteresis). These results were independent of bead size, which
implies that the agarose bead's mass fraction (6%) and not its initial diameter is the
important factor during repeated drying cycles.
Upon understanding the beads' drying and rehydration behavior, to install the
beads in the chip, a 5 µL aliquot of streptavidin-agarose beads was diluted twofold with
deionized water and allowed to dry at room temperature. In some experiments, plain 6%
agarose beads (Sepharose CL-6B, Sigma-Aldrich, St. Louis, MO) were also implemented
as a control. Subsequently, under magnification, appropriately sized dry beads were
selected (~50 µm diameter) and placed in the wells using a micropipette and
micromanipulator (MMN-1, Narishige, Tokyo, Japan). The size of the dry bead was
chosen so that the top of the bead only slightly protruded above the top of the well, which
prevented the bead from being disturbed when sealing the flow cell with a second piece
of 100 µm thick COC containing inlet and outlet ports. Figure 3.1 is a SEM image (650x
magnification) showing the array populated with four dry agarose beads.
At the start of an experiment, quantum dot solution (biotin-QDot605, emission
maximum at 605 nm, Invitrogen, Carlsbad, CA) was flown over the beads and the beads
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Figure 3.1: Electron micrograph (650x magnification) of an embossed 2×2 microwell
array loaded with dry agarose beads.

rapidly expanded and firmly pushed against the top of the conduit, effectively getting
locked in place. Though the expansion was considerable (e.g. a dry bead of 50 µm
diameter expanded to ~125 µm upon hydration), the reversible process did not adversely
affect bead functionality (Goodey et al. 2001). Confocal microscope imaging (Chapter 4)
revealed that the compressed beads' shapes resembled oblate spheroids. Figure 2.5a
provides a schematic diagram of the chip assembly. The device was monitored with an
epifluorescence microscope (BX51, Olympus Corporation, Melville, NY) equipped with
a CCD camera (pco1600, The Cooke Corporation, Romulus, MI), 100 W mercury
discharge lamp, and long pass filter (ex: 470 nm, em: > 515 nm, filter set 11001v2,
Chroma Technology Corporation, Rockingham, VT). Figure 3.2 is a photograph of a chip
mounted on the microscope stage.
After sample introduction and focusing the microscope at the equator of the
beads, fluorescent images were acquired in real time (20x objective, 10-25 ms exposure
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chip

Figure 3.2: A photograph of the experimental chip mounted on the stage of an upright
epifluorescence microscope.

time) with Cooke Camware image processing software. Image analysis and intensity
measurements were performed with Wright Cell Imaging Facility (WCIF) ImageJ version
1.37a (National Institutes of Health, Bethesda, MD).
A continuous, steady flow rate of ~0.1 µL min-1 (corresponding to a mean fluid
velocity in the vicinity of the beads of ~25 µm s-1) was maintained throughout the
experiment. To study dissociation kinetics, the analyte-filled syringe was replaced with a
buffer-filled syringe, and flow was continued at the above flow rate.
3.3 Mathematical Model and Numerical Method
To compare experimental results with theoretical predictions, we simulated the
process with a three-dimensional, finite element, multi-physics program (COMSOL®
Multiphysics 3.4, COMSOL AB, Stockholm, Sweden). The objective was to test the
feasibility of using computer simulations as a reliable predictor and design tool to assist
developers of bead arrays. To save computer time and because the beads were placed
sufficiently far apart from each other and the conduit side walls such that all the beads
experienced similar flow conditions, a single compressed bead was modeled in the flow
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cell. The lack of interaction between the beads was confirmed experimentally. Similar
simulations can, however, be carried out for multiple beads. Figure 3.3 illustrates the
model and the interaction kinetics at the bead's surface. The symbol "X" and the solid

~
circles represent, respectively, the streptavidin and the biotin-QDot conjugates. ka (M-1
~
s-1) and kd (s-1) are, respectively, the forward (association) and reverse (dissociation)
reaction rate constants. Although we simulate a biotin-streptavidin system here, similar
procedures can be extended to model antigen-antibody interactions at the bead's surface.
Our mathematical model is similar to previously studied models for ligands
immobilized on flat surfaces (Myszka et al. 1998; Vijayendran et al. 1999; Zimmermann
et al. 2005; Hu et al. 2007; Parsa et al. 2008). The twists here are the presence of a
curved, three-dimensional surface and the inclusion of surface exclusion (steric
hindrance) effects. Although agarose is a porous material, we focus in this chapter only

Figure 3.3: A schematic depiction of the binding of biotin-QDot targets to beadimmobilized streptavidin receptors. The receptors are coupled to the agarose bead's
fiber matrix (SEM image of 2% agarose fibers reproduced from Wong 2007).
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on surface reactions. In other words, we replace the complex structure and kinetics
occurring inside the bead with reactions at the bead's surface. The implications of this
simplification will be discussed later in the chapter. We compute the velocity field by
solving the dimensionless, steady-state Navier-Stokes equation

(

)

r
r rr
r
Re u • ∇u = −∇P + ∇ 2 u .

In the above, all variables are dimensionless.

(3.1)

In what follows, quantities with and

without a superscript tilde denote, respectively, dimensional and dimensionless variables.

Re =

~~

ρ~ U H
~
is the Reynolds number; ρ~ is density (kg m-3); U is the average fluid
~
µ

~
~
velocity in the conduit (m s-1); H and W are, respectively, the conduit's height and

~r
r u
~
-1 -1
~
width (m); µ is the fluid viscosity (kg m s ); P is the pressure (Pa); and u = ~ is the
U

~ ~
~ ~
velocity vector. H , U , and µ~ U / H are, respectively, the length, velocity, and pressure
scales. We use the Cartesian coordinate system {x, y, z} with its origin at the bead's
center. The coordinates −

w( x)
w( x)
1
1
and − ≤ z ≤
are within the conduit's
≤ y≤
2
2
2
2

cross-section that is transverse to the flow direction, and the x coordinate is aligned with
the conduit's axis. w( x) = wo − w1 x , where − xo ≤ x ≤ xo , defines the width of the

conduit's taper. In our simulations, wo = 3.75 , xo = 2.41 , and w1 = 0.10 .
We apply non-slip velocity boundary conditions at all solid boundaries. Since
w1 << 1 , we utilize the lubrication approximation to specify the inlet velocity distribution
(White 1991):
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The outlet of the conduit is open to the atmosphere (outflow boundary condition).
The size of the computational domain was determined as a compromise between
precision and computational cost.

The inlet and outlet boundary conditions were

specified, respectively, at − xo and xo .
The dimensionless convection-diffusion equation is

(

)

r r
∂C
= ∇ 2C − Pe u • ∇C ,
∂t

(3.3)

~ ~
HU
~
where Pe = ~ is the Peclet number; C is the analyte concentration in the chamber
D

~
~
(M); Co is the inlet analyte concentration (M); ~
t is time (s); and D is the analyte
~
~ ~
diffusivity (m2 s-1). H 2 / D is the time scale and Co is the analyte scale.
Since the walls of the chamber are impermeable and do not interact with the

r
analyte, we specify along all solid surfaces ∇C • nˆ = 0 , where n̂ is a unit vector normal
to

the

surface.

The

inlet

condition

consists

of

a

uniform

concentration,

~
~
C (− xo , y, z , t ) = Co . At the downstream end of the computational domain, we specify the
outflow boundary condition,

∂C ( x o , y, z , t )
= 0 . The outlet condition is specified far
∂x

enough downstream to have little or no effect on the surface reactions taking place on the
bead's surface (Myszka et al. 1998).
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The reaction between the suspended target analyte and the immobilized ligand
takes place on the outer surface of the bead. The reaction rate is assumed to be
proportional to the product of the concentration of the analyte next to the bead's surface

(Cbs ) and the concentration of available binding sites on the bead surface.


∂B
1
= Da σ C bs (1 − B ) − ~ ~ B  ,
∂t
K A Co 


(3.4)

~
B
~
where B = ~ is the instantaneous surface concentration of the bound complex; RT is
RT
~
the concentration of the immobilized receptor sites on the bead (M m); and Cbs is the

~ ~ ~
~~
k a RT H
H Co
analyte concentration next to the bead's surface (M). σ = ~ . Da =
is the
~
RT
D
~
k
~
Damkohler number and K A = ~a (M-1) is the affinity constant.
kd
The binding rate must be balanced by the diffusive flux at the bead's surface:

(

)

r
∂B
= σ ∇C bs • nˆ .
∂t

(3.5)

The quantity ( 1 − B ) in Eq. 3.4 represents the number of unbound receptor sites. This
expression does not account, however, for the fact that a large adsorbed particle, such as a
QDot, occludes multiple receptor sites. In other words, surface exclusion effects are not
accounted for in Eq. 3.4. Exclusion effects of hard spheres on a surface have been
investigated by several authors, and the results of their studies (Schaaf and Talbot 1989;
Senger et al. 2000; Onoda and Liniger 1986; Tory et al. 1983; Adamczyk et al. 2002) are
utilized here. We represent steric hindrance with the available surface function Φ (θ ) ,
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where θ is the surface coverage (the ratio of the area covered by QDots and the total
bead's surface area available for binding prior to the initiation of the binding process).

Φ (θ ) represents the probability of a binding event when the surface coverage is θ.

Φ(0) = 1 . As surface coverage increases, the area left available for binding and Φ (θ )
decrease. Thus, 0 ≤ Φ(θ ) ≤ 1 .

For a random sequential adsorption (RSA) process, where particles randomly and
irreversibly bind to a solid surface with no overlap, the maximum obtainable surface
coverage θ max for hard spheres has been determined experimentally (Onoda and Liniger
1986) and via computer simulations (Tory et al. 1983) to be ~0.55. θ max is also ~0.55
when dissociation is very slow (such as in the case of a biotin-streptavidin system). An
interpolating formula for Φ (θ ) is available (Schaaf and Talbot 1989).
Φ (θ ) = (1 + 0.8120 x + 0.4258 x 2 + 0.0716 x 3 )(1 − x) 3 ,

where x =

θ
θ max

. The modified form of Eq. 3.4 that accounts for surface exclusion is


∂θ
1
= Da σ C bs Φ(θ ) − ~ ~ θ  .
∂t
K A Co 


For

our

( )

~
π d QD
~
AQD =
4

(3.6)

QDot

and

agarose

bead

system,

(3.7)
~ ~
~
AQD B
AQD B
.
θ=
=
1~ ~
1~
ASTV RT
ASTV
4
4

2

~
is the projected area of a QDot, d QD is the effective diameter of the

( )

~
π d STV
~
QDot, and ASTV =
4

2

is the projected area of a streptavidin molecule on the bead
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~
surface. The diameter of a streptavidin molecule ( d STV ) is taken to be ~5 nm (Yan et al.
2003). The factor ¼ is included in the expression for θ because a single streptavidin
molecule has four binding sites.
The time-dependent reaction (Eq. 3.7) was implemented as a weak form boundary
condition in COMSOL. Eqs. 3.3, 3.5, and 3.7 were solved concurrently using a transient
solver and the previously stored fluid flow field. Binding curves of B as a function of
time were generated using boundary integration at the completion of computations.
The computer code was verified by ascertaining that grid refinement and
increases in the length of the computational domain (2x0) did not lead to significant
variations in the computational results. Furthermore, simulations with artificially very
large diffusion coefficients reproduced results predicted by a well-mixed model.

3.4 Results and Discussion
Figure 3.4 is an image of the base of a hydrated agarose bead resting on a glass
slide partially covered with QDots. With the camera focused on the bottom surface of the
bead (20x objective), the bright equator of the bead appears blurry because it is away
from the focal plane. The figure is sufficiently magnified to allow one to observe
emissions from individual QDots bound to the bead's surface.
Figure 3.5 (20x objective for inset micrographs) depicts the intensity of the
fluorescent emission from an agarose bead decorated with QDots as a function of focal
plane position, -24 µm ≤ ~
z ≤ 24 µm ( ~z = 0 is the bead's equator). The conduit spans

the range ~z ≤ 25 µm. The fluorescent intensity was obtained by integrating camera
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Equator
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QDots

80 µm
Figure 3.4: The bottom surface of an agarose bead partially covered with bound
QDots (20x objective).
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Figure 3.5: Measured fluorescent intensity of a conduit-immobilized bead decorated
with bound QDots as a function of focal plane position. Intensity was measured for
five ascending focal planes from the base of the bead (z = -24 µm), through the
equator (z = 0), to the top of the bead (z = +24 µm). The dashed line through the data
points is added for clarity to illustrate that the integrated fluorescent intensity is nearly
independent of the choice of focal plane.
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images in ImageJ over the region ~
x2 + ~
y 2 < a 2 , where radius a = 60 µm.

The

experiments indicate that the integrated intensity is nearly independent of focal plane
position along the bead's height. In other words, the objective's field of view is
sufficiently large to collect light from the entire height of the conduit. Witness the
transparency of the agarose bead to the fluorescent light.
Researchers have previously taken advantage of agarose bead transparency
(Goodey et al. 2001; Svec et al. 2003) to study, for example, the performance of threedimensional bead microreactors (Ali et al. 2003). In our experiments, we utilize the
bead's transparency to estimate the number of QDots bound to the compressed bead. To
this end, we integrated the fluorescent intensity emitted from an equilibrated bead (Ib) and
from the adjacent buffer laden with QDots of known concentration (Is) and having the
same circular cross-sectional area (π a2) as the bead. A bead was deemed equilibrated
when its fluorescent intensity binding curve had leveled off and remained constant with
time. The number of QDots in a cylinder of radius a containing buffer solution is
~
~
N A C 0 π a 2 H , where NA is Avogadro's number. The number of QDots attached to the

Vb  
~
~ I
 , where Vb is the bead's volume.
bead is approximately N A C 0 π a 2 H  b − 1 −
2 ~ 
I
π
a
H
s



Repeating the same calculation for three experimental conditions, we estimate that, at
equilibrium, there are approximately 27-34 million QDots bound to a ~100 µm diameter
bead. In the above, we implicitly assumed that the emission intensity is proportional to
the number of QDots (Han et al. 2001).
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In most of our experiments, we included and monitored a control,
unfunctionalized agarose bead in the array. We did not detect any fluorescent emissions
from the control beads.
Concurrently with the experiments, we carried out numerical simulations to gain
further insight into the binding process. Several techniques were used to approximate the
~
variable values input in the simulation. RT was estimated to be 1.7E-9 M m (i.e., ~1E18
receptor sites per m2) based on the binding capacity data of the streptavidin-agarose
beads for free biotin provided by the vendor (Pierce). Because of its small size, free
biotin is capable of migrating inside the bead and accessing internal binding sites. Hence,
~
the above value of RT accounts also for streptavidin conjugated to the interior bead
~
matrix. Here, we use RT as a surface quantity. The validity of this approximation was
tested by comparing theoretical predictions with experimental data. The QDots' diffusion
~
coefficient D was estimated using the Stokes-Einstein equation

~
D=

~

κ~ T
~ ,
3 π µ~ d QD

(3.8)

~
where κ~ is Boltzmann's constant and T is the absolute temperature of the fluid. At room
~
temperature, D = 3.6E-11 m2 s-1, which agrees well with experimental measurements for
~
QDot diffusivity (McHale et al. 2007). The value of kd used in the simulation was
approximated experimentally by fitting an exponential decay of the form c e

~
− kd ~
t

to the

dissociation portion of the binding curves using the MATLAB® Curve Fitting Toolbox.

~
The parameters c and kd were determined during the fitting procedure. Assuming a well40

mixed model, an exponential form of decay is expected because when only buffer flows
over the beads, Eq. 3.4 reduces to

~
~ ~
∂B
~ = −k d B .
∂t

(3.9)

~
The value of k a was estimated to be 1.6E5 M-1 s-1 based on literature results for the
binding of biotinylated DNA to streptavidin-coated polystyrene latex beads (Huang et al.
1996). In the next chapter, we describe refined techniques to determine variable values.
Figure 3.6 depicts the flow field around the bead when the Reynolds number Re =
3.7E-4. Figures 3.6a and 3.6b show, respectively, the flow fields at a plane located at the
bead's midheight (z = 0) and a plane transverse to the flow direction at x = 0. The colors
r
represent the magnitude of the velocities ( u ), and the arrows correspond to the velocity
vectors. Due to the non-slip boundary condition at the bead's surface, the fluid velocity
slows down considerably in this vicinity. The velocity profile varies as a function of
position around the bead. At the Reynolds numbers encountered in our experiments
( Re << 1 ), there was no separation bubble downstream of the bead. The structure of the
flow field impacts the mass transfer of analyte to the bead's surface.
Figure 3.7a depicts the predicted total bound complex (the integral of B along the
bead's surface) in the absence of surface exclusion effects as a function of time when the
analyte diffusion coefficient is 10-11, 10-10, 10-9, and 10-8 m2 s-1. In the above, B is
normalized with the equilibrium amount of bound complex. The symbols correspond to
~
~
the well-mixed case of uniform analyte concentration ( C ( x, y, z , t ) = Co ) throughout the
conduit. In the well-mixed case (Vijayendran et al. 1999),
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Figure 3.6: The computed flow field around an immobilized, compressed bead with a
non-slip boundary condition at its surface. (a) Horizontal slice contour plot of velocity
magnitude around the bead's midplane. (b) Vertical slice contour plot of velocity
magnitude and horizontal arrow plot of the velocity field. The Reynolds number
Re = 3.7E-4.
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Figure 3.7: The normalized bound complex on the bead's surface in the absence of
surface exclusion effects as a function of time for various diffusion coefficients (a) and
flow rates (b). The symbols and lines correspond, respectively, to analytical (well~
mixed case; Eq. 3.10) and finite element results. In (a), C~o = 10 nM, k a = 1.6E5 M-1 s~
~
1 ~
, kd = 3E-5 s-1, R~T = 1.5E-11 M m, and U = 1.0E-5 m s-1. In (b), C~o = 10 nM, k a =
~
1.6E5 M-1 s-1, kd = 3E-5 s-1, R~T = 1.5E-11 M m, and D~ = 3.6E-11 m2 s-1.
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[

]

~~
~ ~ ~ ~
kaCo
B = ~ ~ ~ 1 − e− (k a Co + k d )t .
kaCo + kd

(3.10)

~
As D increases, the Damkohler number Da decreases, and the kinetics at the bead's

surface becomes progressively more reaction-rate limited. Eventually, this situation

~
mimics the case when C is uniform throughout the entire conduit. This observation is

~
consistent with the results of the numerical simulation. As D increases, the numerical
predictions approach the well-mixed case.

~
The binding rate can be accelerated not only by increasing D , but also by
increasing the flow rate. Figure 3.7b depicts the normalized bound complex in the
absence of surface exclusion effects as a function of time at various flow rates. The

~
symbols correspond to the well-mixed case. D and all other parameters are kept constant
in all the simulations in Figure 3.7b. As the flow rate increases, the Peclet number Pe

increases, the QDots are efficiently transported to the bead's surface, and we again
approximate well-mixed conditions. Figure 3.7 provides yet another verification of the
numerical code as the numerically computed results approach analytical predictions at
limiting cases.
~
To estimate the dissociation constant kd in our experiments and to compare
theoretical predictions with experimental observations, we carried out a sequence of
experiments in which we measured the bead's emission intensity (proportional to the
amount of bound complex) as a function of time. Figure 3.8 depicts an example of the
~
results of such an experiment. A solution laden with analyte at concentration Co = 20 nM
was pumped at a uniform flow rate of 0.11 µL min-1 for 330 min, after which time the
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Figure 3.8: Experimental association ( C~o = 20 nM) and dissociation curves. The solid
(red) curve is a single exponential fit to the experimental dissociation data.

contents of the syringe pump were replaced with incubation buffer and the subsequent
dissociation of the QDots from the bead's surface was monitored as a function of time.
The dissociation of the QDots from the bead's surface did not strictly conform to Eq. 3.9.
Instead, following buffer flow, we initially observed a fast dissociation rate, which
decreased at later times. Similar biphasic behavior has been witnessed by other groups
studying microbead kinetics (Buranda et al. 1999; Henry et al. 1999). They attributed this
behavior to steric hindrance effects and heterogeneities of the receptors at the bead's
surface. This explanation is not completely satisfactory, and additional studies are
warranted. In our simulations, we used a single dissociation constant, which was
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estimated by fitting an exponential decay curve (solid line in Figure 3.8) to our

~
dissociation data. Accordingly, we estimate kd values ranging from 1E-5 to 4E-5 s-1. The
order of magnitude of our estimates is in agreement with other bead studies (Fujita and
Silver 1993; Ogata et al. 2002) as well as surface plasmon resonance (SPR) studies
performed with planar surfaces (Perez-Luna et al. 1999; Jung et al. 2000; Tang et al.
2006). Our results are consistent with findings of other groups that biotin-streptavidin
dissociation kinetics are faster on a solid support than in homogeneous solution
(Verpoorte 2003).
Figure 3.9 compares the predictions of our model (solid line) with our
experimental data (solid squares). The figure depicts the relative fluorescent intensity
(obtained from experimental images after subtracting the background fluorescence
emission from the bead and conduit) normalized with the maximum intensity value and
the corresponding theoretical estimate as functions of time. Images of the test bead at
four different times during the experiment (0, 60, 180, and 420 min) are placed adjacent
to the corresponding data points.

Intensity data from a plain agarose control bead

(containing no streptavidin) normalized with the equilibrium intensity of the
functionalized bead is depicted as a function of time (solid circles) to demonstrate lack of
significant, non-specific binding of QDots to the agarose matrix. In the first 90 min, the
theoretical predictions favorably agree with experimental data. When ~
t > 90 min, the
theory predicts a higher binding rate than was observed in the experiment. The theoretical
model requires a shorter amount of time to achieve equilibrium than was the case in the
experiments. The reason for this discrepancy is likely that in the experiments, the QDots
navigated the internal porous structure of the bead matrix to bind to interior streptavidin
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Figure 3.9: Normalized total bound complex as a function of time. The symbols and
line correspond, respectively, to experimental data and theoretical predictions.
Experimental micrographs are included adjacent to several test bead data points. C~o =
~
~
~
10 nM, k a = 1.6E5 M-1 s-1, kd = 4E-5 s-1, R~T = 1.7E-9 M m, U = 8.0E-6 m s-1, and D~ =
3.6E-11 m2 s-1, yielding Re = 3.7E-4, Pe = 11.4, and Da = 388.

sites (Chapter 4). The pore diameter of plain, crosslinked, 6% agarose beads is reported
to be approximately 50 nm (Hagel et al. 1996; Jokerst et al. 2011), which is likely
somewhat reduced by the presence of the conjugated streptavidin (Horstmann and Chase
1998), but is still large enough to accommodate our 10-12 nm diameter QDots. The
effective diffusion coefficient of the analyte in the agarose matrix is significantly smaller
than the diffusion coefficient in the bulk of the solution, thus the slower reaction rate.
Nevertheless, the theoretical predictions are in reasonable agreement with experimental
observations.
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Figure 3.10: Finite element simulation results depicting the concentration of QDots on
and around the bead as functions of time for the same conditions as in Figure 3.9. (a)
Isometric view of the bound complex. (b) Top view of the bound complex. (c)
Isometric view of the concentration field around the bead's midplane.

Figure 3.10 depicts the predicted bound complex as a function of position on the
bead's surface at times 0, 60, 180, and 420 min. The simulation conditions in Figure 3.10
are identical to the ones in Figure 3.9. In the simulations, analyte of known concentration
was introduced into an initially analyte-free conduit. Rows a, b, and c depict,
respectively, an isometric view of the bound complex, a top view of the bound complex,
and the concentration distribution around the bead at the midheight plane C ( x, y,0, t ) .

The concentrations are color-coded and should be cross-referenced with the reference
bars on the right hand side. As time progresses, the equator of the bead equilibrates first,
and gradually more and more of the bead's surface is covered with QDots. Eventually,
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Figure 3.11: Experimental (symbols) and finite element results (lines) for the
normalized total bound complex as a function of time when C~o = 2, 4, and 10 nM.

equilibrium is reached and B remains constant as long as the analyte concentration in the
conduit remains unaltered. In the concentration field (row c) around the bead at 60 min, a
depleted layer of analyte is visible near the bead's surface and especially at the rear of the
bead. The depleted layer is largest at the beginning of an experiment when there are many
available binding sites on the bead's surface and decreases as equilibrium is approached.

~
At equilibrium, at ~420 min, the concentration distribution C in the entire subdomain is
~
uniform and equal to the inlet concentration C o .
Figure 3.11 depicts the measured fluorescent intensity (symbols) and the
corresponding theoretical predictions (curves) at three different analyte concentrations (2,
4, 10 nM) as functions of time. The experimental and theoretical data are normalized by
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their values at equilibrium. As expected for a fixed initial number of receptors, higher
analyte concentrations result in higher reaction rates. At relatively short times t < tc, the
binding curve is nearly linear, surface exclusion effects are relatively unimportant, and
there is excellent agreement between the experimental data and theoretical predictions.
The time tc of the nearly linear interval decreases as the analyte concentration increases.
Finally, we used our finite element simulations to estimate the minimum analyte
concentration that our bead array could detect within 10 min of incubation time. The limit
of detection was defined as the amount of bound complex producing an emission
intensity larger than three standard deviations above the measured background
fluorescent intensity of the bead.

We estimate that our bead array could detect a

~
~
~
minimum QDot concentration of ~9 pM when RT = 1.7E-9 M m, D =3.6E-11 m2 s-1, k a =
~
~
1.6E5 M-1 s-1, kd = 3E-5 s-1, and U = 1.0E-5 m s-1. It should be noted that this value is

meant to illustrate the predictive power of the simulation; the value is not representative
of the detection limit of a real sandwich immunoassay since here the probe binds directly
to the bead-immobilized receptor.
3.5 Conclusions

A method was developed to fabricate an agarose bead array within a microfluidic
conduit. Beads were positioned deliberately within individual wells in an array using
micromanipulation. The array may consist of beads of different functionalities to enable
concurrent detection of multiple analytes. Multiple beads of the same functionality as
well as control beads can also be included to improve detection reliability.
A sequence of experiments was carried out to test the bead array. As a model
system, we used agarose beads functionalized with streptavidin as a receptor and
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biotinylated quantum dots as the target analyte. The emission intensity of the QDots was
monitored as a function of experimental conditions and time. The system exhibited
relatively low background emission, and the experiments indicate the feasibility of using
the bead array for other analytical studies, such as separating analytes of interest from
complex biological samples via specific antigen-antibody interactions.
Concurrently, we carried out three-dimensional finite element simulations in
which we computed the flow and concentration fields around the beads at various times
and obtained predictions for the binding curves. The mathematical model consists of the
solution of the momentum and advection-diffusion equations in the domain surrounding
the beads and accounts for reactions at the bead's surface. The reaction kinetics model
accounted for commonly overlooked surface exclusion effects, which could occur in an
assay where a large adsorbing species (e.g. antibody) blocks multiple receptor sites. The
simulations offer a convenient tool to predict how different experimental parameters
impact the assay.
The theoretical predictions were compared and agreed reasonably well with
experimental observations. This suggests that the computer simulations can provide a
useful tool for the design of bead arrays and biosensors. Certain discrepancies between
the theory and the experiment were observed, however. In particular, at relatively long
times, the theoretical binding rate exceeded the experimental one. We believe this
discrepancy is due to the bead's porosity, which accommodates interactions within its
interior, while the mathematical model assumes the bead to be impermeable. Chapter 4 is
an experimental and theoretical investigation of binding in porous beads.
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Although our study here involved direct binding of a fluorescent label to an
immobilized receptor, both the experimental and simulation platforms are useful in the
analysis of more complicated biological processes such as sandwich immunoaffinity
assays and DNA hybridization.

51

CHAPTER 4: Porous Microbead Affinity Assay: Experiments and
Finite Element Simulations

4.1 Introduction
In this chapter, we demonstrate that the three-dimensional internal microstructure
of porous microbeads is capable of efficiently capturing biomarkers from complex fluid
samples in heterogeneous microfluidic assays. The increased surface area of the internal
bead microenvironment enables improved test sensitivity over assays relying solely on
peripheral reactions. Porous beads, and particularly agarose beads, are routinely used in
chromatography applications, where separations are performed based on the interaction
of sample constituents with the porous matrix.
Confocal laser scanning microscopy has emerged as a powerful tool in recent
years to probe intraparticle biological interactions (Hubbuch and Kula 2008). Confocal
microscopes use a pinhole with a distinct aperture to eliminate out-of-focus light or glare
in samples whose thickness exceeds the depth of view. Confocal microscopy has several
advantages over conventional optical microscopy, including the ability to control depth of
field, suppression of background emission away from the focal plane, and the capability
to collect sequential optical slices from thick specimens.
Schroder et al. (2006) used confocal microscopy to study intraparticle protein
diffusion in chromatographic media. Dziennik et al. (2003) imaged the uptake of proteins
in ion exchange particles. These studies utilized packed beds of beads, where mass
transfer to a given particle could be impacted by neighboring particles. In this study, we
position individual porous beads in an ordered array. Relatively few studies have
integrated porous beads in a microfluidic chip and investigated biomolecular interactions
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within the bead. For instance, Ali et al. (2003) confocally studied DNA hybridization
within the pore structure of agarose bead microreactors and demonstrated that accessing
internal binding sites improves intrinsic test sensitivity. Jokerst et al. (2011) monitored
labeled antigen migration within the matrix of agarose beads and, in tandem with finite
element simulations, determined the impact of biomarker size, bead porosity, and
antibody loading levels on immunocomplex formation and its associated signaling
characteristics.
In Chapter 3, we used optical epifluorescence microscopy and three-dimensional
finite element simulations to investigate the binding of biotin-coated QDots to an array of
streptavidin-coated agarose beads immobilized in a microfluidic conduit. To facilitate our
analysis, we used a mathematical model that assumed that the beads are impermeable and
all binding occurred solely at the bead periphery. However, we did observe some
discrepancies between the experimental data and the theoretical predictions. We
hypothesized that these differences were a result of the bead's porosity and ability to
accommodate reactions within its interior. The purpose of the current investigation is to
more accurately describe the behavior of porous microbead detection platforms, enabling
the optimization of these systems. While we study agarose beads because of their
common use in immunoassays, DNA hybridization, and chromatography, our results are
also applicable to other porous bead materials. Furthermore, our selection of QDots as a
model target analyte will identify the benefits and any possible problems of using these
labels with porous beads.
In this chapter, we use confocal laser scanning microscopy to image the
concentration of quantum labels binding the surface and interior of streptavidin-coated
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"test" beads as a function of time. We also use plain, unfunctionalized agarose "control"
beads to monitor the motion of unbound QDots in the agarose matrix. Additionally, we
carry out three-dimensional numerical simulations to model the mass transfer and binding
kinetics occurring on the bead surface and within its interior. No fitting parameters are
used in the model; the parameter values implemented in the simulation were either
determined in independent experiments or obtained from the literature. There are very
few other works (Jokerst et al. 2011) that systematically examine binding within the
complex bead microenvironment and demonstrate how the well-established principles of
chromatographic separations based on bead porosity can be applied advantageously in a
microfluidic chip.
In addition to developing a model for porous beads with a homogeneous internal
structure, we examine the impact of the compressive force used to fix the beads in place
in our chip on binding kinetics. Although compressed between parallel plates, some
models still assume that the inner structure of soft spherical particles remains uniform
whether compressed or uncompressed (Lin et al. 2008). In contrast, our confocal
experiments and preliminary bead deformation simulations provide evidence that a
compressed porous sphere has a space-dependent, non-uniform internal pore structure as
a result of non-uniform internal stresses. Thus for a given assay, our results highlight the
importance of carefully considering not only the relative size of the target molecule
compared to that of the pores of the support matrix, but also the degree of
compression/packing of the matrix.
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4.2 Materials and Methods
4.2.1 Confocal Microscopy Experiments
The fabrication of our disposable bead-based microfluidic chip (Figure 2.5a) was
described previously. Briefly, the experimental flow cell consisted of three layers: a
bottom plastic substrate containing an array of hot embossed wells (100 µm thick cyclic
olefin copolymer (COC), Plitek, Des Plaines, IL); a central double-sided adhesive tape
(50 µm thick, Carolina Tape and Supply Corporation, Hickory, NC) with a conduit cut in
its center with a laser machine (X-660, Universal Laser Systems, Scottsdale, AZ); and a
top plastic cover (100 µm thick COC). The adhesive tape acted as a spacer dictating the
height of the conduit as well as a sealing material. The cover COC contained inlet and
outlet ports. After loading the 2×2 array with dry streptavidin-agarose beads (Pierce
Biotechnology, Rockford, IL) via micromanipulation, the chip was mounted in a confocal
laser scanning system (Radiance 2000, Bio-Rad Laboratories Inc., Hercules, CA)
equipped with an epifluorescence inverted microscope (Eclipse TE300, Nikon
Instruments Inc., Melville, NY). A syringe pump was connected to the chip's inlet with a
tube and a small PDMS connection port. At the onset of continuous flow (0.11 µL min-1)
with quantum dot solution (biotin-QDot605, Invitrogen, Carlsbad, CA), the beads
hydrated, swelled, and locked in place between the well and the top of the conduit. For
brevity, we focus our discussion here on images acquired at the bead's midheight
"equator" plane, approximately half way between the top and the bottom of the conduit.
An equator plane image was acquired every 10 min for the duration of the experiment. A
krypton excitation laser and TexasRed emission filter were selected to monitor the
binding of QDots to the beads. For control experiments, the streptavidin-agarose beads
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were replaced with unfunctionalized agarose beads and QDot motion was monitored
using the same optical setup.
Other groups have observed light attenuation effects (the loss of light intensity
inside chromatography beads) when utilizing confocal laser scanning microscopy to
study intraparticle phenomena (Hubbuch and Kula 2008; Susanto et al. 2007; Susanto et
al. 2006; Yang et al. 2006). The degree of attenuation depends on the bead material and
the excitation and emission wavelength, and can result in apparently lower intensity
values in the inner region of a bead cross-section. While various conjectures exist on the
origin of the effect, we verified that attenuation was not significant in our bead/QDot
system by measuring the intensity profile at the equator of control beads of various sizes
filled with QDots. The intensity profile was nearly uniform across the beads' crosssections, indicating that attenuation effects could be neglected in our data analysis.
Image processing was performed with ImageJ (WCIF ImageJ 1.37c, National
Institutes of Health, Bethesda, MD) and custom-written MATLAB® (R2009a, The
MathWorks, Natick, MA) algorithms.
4.2.2 Mathematical Model and Numerical Method
We modeled the binding process within the bead matrix using a threedimensional, finite element, multi-physics program (COMSOL® Multiphysics 3.5a,
Stockholm, Sweden). To save computer time and because all the beads in the array
experienced similar flow conditions, we modeled half of a single bead invoking
symmetry with respect to a vertical plane that goes through the bead's axis and that is
parallel to the flow direction. The model accounts for reactions throughout the entire
bead's volume. Briefly, the steady-state Navier-Stokes equation
56

rˆ
r rˆ r
ˆ 2 urˆ
Rˆe  uˆ • ∇uˆ  = −∇Pˆ + ∇



(4.1)

describes the fluid motion in the conduit outside the bead and the Brinkman equation for
porous media
rˆ
εˆ a 2 rˆ
ˆ 2 urˆ
u = −εˆ∇Pˆ + ∇
κ

(4.2)

describes the fluid motion inside the bead. In the above and in what follows, quantities
with and without a superscript hat denote, respectively, dimensionless and dimensional
variables. Rˆe = ρ U a η is the Reynolds number; U is the average fluid velocity at the

conduit inlet (m s-1); a is the bead radius (m); ρ is density (kg m-3); η is viscosity (kg m-1

r r
s-1); uˆ = u U is the velocity vector; P is pressure (Pa); κ is bead permeability (m2);
and εˆ is bead porosity. U , a , and η U a are, respectively, the velocity, length, and
pressure scales. We assume that the bead porosity and permeability are uniform
throughout the bead volume, which is a simplification of the actual pore size distribution
that exists inside the bead. In the uncompressed state, the average pore diameter of our
6% mass fraction agarose beads is about 50 nm (Hagel et al. 1996). We apply non-slip
boundary conditions between the fluid and the walls of the conduit, and continuity of
fluid velocity and pressure across the fluid-bead interface. A fully developed velocity
profile is specified at the inlet of the conduit. The outlet of the conduit is open to the
atmosphere ( P = 0). The length of the simulated conduit was determined as a
compromise between precision and computational cost. Numerical tests were carried out
to verify that the locations of the inlet and outlet had minimal effect on computational
results inside the bead.
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The dimensionless convection-diffusion equation

∂Cˆ  Dbulk  ˆ 2 ˆ ˆ  rˆ rˆ ˆ 
=
∇ C − Pe  u • ∇C 


∂tˆ  D pore 

(4.3)

describes the distribution of analyte in the conduit outside the bead. Pˆe = U a D pore is

the Peclet number; D pore is the analyte diffusivity, assumed to be uniform, in the porous
bead matrix (m2 s-1); Dbulk is the analyte diffusivity in the bulk solution (m2 s-1); C is the
analyte concentration (mol m-3); and t is time (s). a 2 D pore is the time scale. RT , the
effective concentration of immobilized receptor sites in the bead available for binding
(mol m-3), is the concentration scale. Inside the bead, Eq. 4.3 is modified to account for
the reaction ( Q̂ ) occurring between the biotin-QDots and bead-immobilized receptors
such that
∂Cˆ ˆ 2 ˆ ˆ  rˆ rˆ ˆ  ˆ
= ∇ C − Pe  u • ∇C  − Q


∂tˆ

(4.4)

and

(

)

∂Bˆ
Qˆ =
= Dˆ a Cˆ 1 − Bˆ − σˆ Bˆ ,
∂tˆ
where

B

(4.5)

is the instantaneous concentration of bound complex (mol m-3);

Dˆ a = k a RT a 2 D pore is the Damkohler number; σˆ = k d a 2 D pore ; k a is the forward

(association) rate constant (m3 mol-1 s-1); and k d is the reverse (dissociation) rate constant
(s-1). The reaction rate is proportional to the local concentration of analyte inside the bead
and the relative rate of reaction to diffusion, which is characterized by D̂a (Deen 1998).
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Furthermore, we assume that the presence of bound complex does not impact the values
of D pore , κ , and εˆ within the bead.

Since the walls of the chamber are impermeable and do not interact with the
r
analyte, we specify along all solid surfaces ∇C • nˆ = 0 , where n̂ is a unit vector normal
to the surface. The inlet condition consists of a fixed uniform concentration, C = C o . At
the downstream end of the computational domain, we specify the outflow boundary
condition, ∂C ∂x = 0 , where the x coordinate is parallel to the flow direction.
Eqs. 4.3, 4.4, and 4.5 were solved concurrently using a transient solver and the
previously stored fluid flow field. The computer code was verified by ascertaining that
grid refinement and alterations in the size of the computational domain did not lead to
significant variations in the computational results. Furthermore, we confirmed that the
numerically computed results agreed with analytical solutions in limiting cases such as at
short times ( B << RT ) and at equilibrium ( ∂B ∂t = 0).
4.3 Results and Discussion
4.3.1 Propagation of Bound Complex Front

Figure 4.1 is an image from a representative experiment showing the position of
three beads in our array. The beads' diameters were 100 ± 5 µm. The inset in Figure 4.1
illustrates the definition of the bound complex front penetration depth (discussed below).
Analyte flow is from left to right. The time-dependent concentration of bound complex
was estimated from pixel light intensity.
Figure 4.2a shows a time sequence of images of each bead's equator at times t = 0,
1, 3, 5, 7, and 9 hrs when C o = 10 nM. Immediately following bead hydration (t = 0 in
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Figure 4.1: Position of three agarose beads in the array. QDot solution was flown past
the beads (from left to right) for the duration of the experiment. Inset: Illustration of
the time-dependent radial penetration depth (PD(t)) of the bound complex front for
Bead 1. PD(t) was measured from the intensity of the pixels along the horizontal line
drawn through the center of Bead 1 at time t = 70 min.

Figure 4.2a), only QDots bound to the bead periphery are visible. Bulk flow transports
analyte to the bead surface, and subsequently QDots diffuse into the fibrous, porous
agarose matrix. The liquid inside the bead is nearly stagnant (due to the high hydraulic
resistance of the nanopores) and primarily diffusion through the stochastic internal pore
structure enables QDot migration within the bead. As time progresses, the front of bound
QDots penetrates deeper into the bead and continues to access available receptor sites. At
t = 9 hrs, bound QDots occupy receptors in nearly the entire 95 µm cross-section of Bead
1, but not the 105 µm cross-section of Bead 3. In each case, the enhanced signaling
capacity afforded by the porous bead interior is plainly visible. Figure 4.2d depicts the
light intensity in Bead 1 as a function of the radius for each time point in Figure 4.2a. The
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Figure 4.2: (a) Propagation of QDot bound complex front toward the center of each
bead. After 9 hrs, the front has reached the center of Bead 1, but not Bead 3. (b) Loglog scale plot of radial penetration depth of bound complex front as a function of time
for each bead in (a). The slope of the best-fit linear trendline of the data for Beads 1, 2,
and 3 is 0.52, 0.53, and 0.48 respectively. (c) Log-log scale plot of the data in (b) in
non-dimensional form. The slope of the data trendline for all beads is 0.50 (R2 = 0.97).
(d) Intensity profile for a line through the center of Bead 1 (see Figure 4.1),
corresponding to the times specified in (a). Co = 10 nM ( C o RT = 0.002). D̂a ≈ 125.
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sharp transition from a region of bound complex to a depleted region is clearly visible,
especially at earlier times. This behavior can be contrasted with a purely diffusional
process, where there is a more smooth transition from regions of high concentration (bead
surface) to low concentration (bead interior) due to an absence of accumulating bound
complex.
To determine the time-dependence of the propagation of the bound complex front,
we measured the radial penetration depth (inset in Figure 4.1) as a function of time. The
penetration depth was calculated from equator images by drawing a horizontal line
through the center of each bead in the array and measuring the time-dependent intensity
along the line. The data was smoothed once using a moving average. The pixel with light
intensity twice the threshold intensity of the adjacent QDot solution was defined as the
location of the front. The number of pixels above the threshold value was converted to a
distance in microns. Figure 4.2b depicts the radial penetration depth as a function of time
on a log-log scale. The portion of the data before the front reached the bead's center is fit
with a linear trendline, which corresponds to a power-law behavior of the form
PD(t ) ~ t α . For Beads 1, 2, and 3 we measure, respectively, values for the exponent α of
0.52, 0.53, and 0.48 (the small deviation in these values is likely due to bead compression
effects, discussed in Section 4.4). Figure 4.2c presents the data in Figure 4.2b in nondimensional form on a log-log scale. The slope of the linear trendline through the
combined data for all beads is 0.50. The bound complex penetration depth is proportional
to the square root of time. This behavior resembles the penetration depth of the diffusion
front. We also observed this trend in other experiments with different QDot
concentrations and bead sizes. Ali (2006) witnessed similar behavior when monitoring
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nucleic acid hybridization in 4% agarose beads. Values of α have also been reported by
other groups for 1-D planar front propagation. For example, Al-Ghoul et al. (2009)
investigated the spatiotemporal dynamics of front propagation of quantum dots in gelatin
and reported an exponent value close to 0.5. Experiments by Leger et al. (1999)
examining front dynamics during diffusion-limited corrosion of ramified electrodeposits
found that after long times the reaction front position was given by the scaling x f ~ t 0.5 .
4.3.2 Determination of Bead's Properties
To render our simulation of the binding process as realistic as possible, we
carefully determined the various parameters needed to model the phenomenon. To
estimate the effective concentration of available receptor sites in the bead ( RT ), we
incubated several test beads with highly concentrated biotin-QDots for many hours (at
least five) until equilibrium, and then compared the relative intensity of the beads to that
of QDot solutions of known concentrations (using confocal and non-confocal methods).
Implicitly we assumed that the bead material does not affect emission and that the
emission intensity is proportional to the total number of QDots (Thompson and Bau
2010a). We estimated a binding capacity of 0.005 ± 0.002 mol m-3 for our 10-12 nm
diameter QDots (based on 10 beads from three separate experiments; in our case binding
capacity ≈ RT at equilibrium since dissociation is very slow for a biotin-streptavidin
interaction). This value is significantly lower than binding capacity values reported by the
manufacturer of 0.086 mol m-3 and 0.043 mol m-3 for biotin (2 nm diameter) and biotinBSA (7 nm diameter), respectively. The lower binding capacity for our assay is
consistent with the notion that a larger binding molecule will occlude a greater number of
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receptor sites, thereby reducing the effective concentration of available receptors on the
bead. This observation is consistent with our findings in Chapter 3.
To estimate the diffusivity of the QDots in the porous agarose matrix ( D pore ), we
monitored the diffusion of QDots in plain (unfunctionalized) agarose control beads in
which no specific binding occurred (assuming D pore independent of bulk QDot
concentration). To this end, we monitored the emission intensity in the plane of the
equator as a function of time. When clear buffer was replaced with QDot-laden buffer,
the diffusing QDots' concentration can be described with the equation (Crank 1956):

cˆ(r , t ) =

C
2a ∞ (− 1)
 nπ r  − D pore n 2π 2t / a 2
= 1+
sin 
e
∑
π r n=1 n
Co
 a 
n

(4.6)

where cˆ(r , t ) is the normalized concentration and a is the radius of the bead. In the

above, we assume that the penetration of QDots into the bead is slow so that the
concentration of the QDots in the solution at the bead's surface is constant (well-mixed
conditions). The total amount of QDots entering the equator confocal slice of our bead,
M (t ) , is given by
a

M (t ) = 2π ∆z ∫ cˆ(r , t )r dr

(4.7)

0

where ∆z is the thickness of the confocal slice ( ∆z a << 1). The integral 4.7, normalized
by the total amount of QDots in the sphere after a very long time ( M ∞ ) is given by

M (t )
4
mˆ (t ) =
= 1− 2
M∞
π

1 − (− 1) − D pore n 2π 2t / a 2
e
.
∑
n2
n =1
∞
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n

(4.8)

Using Matlab's Curve Fitting Toolbox (nonlinear least squares method; single parameter
fit for D pore with the series truncated at 20 terms) to fit Eq. 4.8 to our experimental data,
we estimate a D pore value of 1.5 ± 0.8 µm2 s-1 (based on 10 beads from three separate
experiments). A sample fit for a 100 µm diameter bead is shown in Figure 4.3. We are
unaware of any other published values for quantum dot diffusivity in agarose beads.
Using autocorrelation techniques, Swift et al. (2006) measured a biotin-QDot605
diffusion coefficient Dbulk of 17 µm2 s-1 in water. Thus the diffusion of the QDots is
reduced by a factor of approximately 11 upon entering the porous 6% agarose bead
matrix. Li et al. (2008) tracked the mean square displacement of individual carboxylQDot525 (12 nm diameter) diffusing on a planar dehydrated agarose-modified surface.
Based on linear interpolation of their results for 5% and 7% agarose, we calculate a
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Figure 4.3: The experimental normalized intensity (squares) as a function of time for
the diffusion of QDots into an unfunctionalized agarose control bead (6% mass
fraction). The experimental data was fit to the analytical solution in Eq. 4.8 (curve),
yielding a QDot diffusivity in the porous bead matrix of D pore = 1.5 µm2 s-1.
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QDot525 diffusivity of 2.1 µm2 s-1 for a planar 6% agarose surface. Our estimated
diffusivity value is consistent with the measurements of Li et al., given that they were
established for different types of QDots, agarose support geometries, and measurement
techniques. Moreover, our experimental observations are in accord with several other
previous studies of chromatographic media that found that protein diffusion was
restricted in the matrix of agarose particles (Boyer and Hsu 1992; Moussaoui et al. 1992;
Susanto et al. 2007; Horstmann and Chase 1998). Although our value of D pore is for an
unfunctionalized control bead, by using this value in our simulation, we implicitly
assume that the presence of the conjugated streptavidin on a test bead does not
significantly alter QDot diffusion in the nanopores.
Additional bead properties were adopted as follows: Swift and Cramb (2008)
measured ka = 15 m3 mol-1 s-1 and k d = 3E-5 s-1 for the kinetics of biotin-QDot605
binding to streptavidin-coated FluoSpheres; Johnson and Deen (1996) measured a
permeability ( κ ) of 0.25 µm2 for 6% agarose gel membranes; Yao et al. (2006) measured
a porosity ( εˆ ) of 0.82 for 6% agarose beads using electron tomography; and C o was the
known QDot analyte concentration for a given experiment (typically 10 or 100 nM).
4.3.3 Finite Element and Combined Results
Figure 4.4 depicts the flow field at the midheight plane in the conduit and bead for
the low Reynolds number ( R̂e <<1) flow encountered in our experiments. The colors

r
represent the magnitude of the velocities ( u ), and the arrows correspond to the velocity
vectors. Due to the high hydraulic resistance of the nanopores, the liquid near the surface
and inside the bead is nearly stagnant. The ratio of the fluid velocity at the center of the
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Figure 4.4: Finite element simulation results depicting the flow field in the conduit at
the bead's midheight plane. Colors represent the magnitude of the velocity field and
arrows represent the direction of flow. The fluid inside the bead is stagnant due to the
high hydraulic resistance of the nanopores. The Reynolds number R̂e << 1.
bead to the average fluid velocity at the inlet of the conduit u bead U = 9E-7. Since
u bead U ≈ 0 in our model, advection inside the bead can be neglected and diffusion is the
primary mechanism enabling mass transport within the bead. While not attempted here,
tailoring the agarose mass fraction of the bead, and thus the bead's porosity and
permeability, could enable one to control the relative amount of convective and diffusive
transport inside the bead.
Figure 4.5a illustrates an isometric view of the numerically computed results for
the QDot bound complex front propagating into the bead ( C o = 100 nM). The colors
represent the amount of bound QDots (denoted ' B ') and are referenced to the color bar at
the right side of the figure. Initially, there are no bound QDots, but as time progresses a
binding front propagates into the bead, until eventually the entire bead reaches
equilibrium. To represent the shape of a compressed bead, the diameter of the bead at its
base is larger than at the top, explaining why the base of the bead is the last to equilibrate.
67

10 min

1 hr

2 hr

3 hr

a

4 hr

5 hr
4.9E-3
mol m-3

b
B=0

c
d

3.2E-6
mol m-3 s-1

reaction
rate peak

dB/dt = 0

Figure 4.5: (a) Finite element results (isometric view) depicting the propagation of the
bound complex front toward the center of the bead as a function of time. To represent
the shape of a bead in the conduit, the diameter at the base of the bead is modeled
slightly larger than at the top of the bead. (b) Finite element results for the propagation
of the bound complex front at the bead's equator plane. (c) Confocal experimental
results for the propagation of bound complex at the equator plane of an equivalently
sized bead. (d) Finite element results for the rate of reaction ( ∂B ∂t ) inside the bead.
No fitting parameters were used in the simulation (see Section 4.3.2 for parameter
values). Co = 100 nM ( C o RT = 0.02).
In our simulations, we approximated D pore , κ , and εˆ as homogeneous throughout the

bead. This approximation appears to be valid for our bead at horizontal cross-sections
away from the contact interfaces. While our model could be modified to include a
position-dependent D pore , κ , and εˆ in the bead if they were known, we demonstrate that
the model in its current form is reasonable by directly comparing model and experimental
results. Figures 4.5b and 4.5c are, respectively, COMSOL finite element and confocal
experimental results denoting the progression of bound complex at the equator plane of
equivalently sized beads (100 µm diameter) when C o = 100 nM. The bound complex
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front propagates toward the center of the bead as equilibrium is approached around t = 5
hrs. Qualitatively the simulation results agree with our experimental observations. It is
important to note that no fitting parameters were used in the simulation; the parameter
values implemented in the model were either derived experimentally or obtained from
literature best-estimates as described above. The corresponding reaction rate ∂B ∂t as a
function of radial position at the bead equator as predicted by the model is shown in
Figure 4.5d. As time progresses, the reaction rate slows down, and the position of the
maximum-reaction peak moves toward the center of the bead. As the reaction front
moves deeper into the bead, more time is required for fresh analyte originating in the bulk
to migrate into the bead and reach available receptor sites, thus slowing the reaction rate.
Observe that prior to the establishment of equilibrium (t = 4 hrs in Figure 4.5d), the
bound complex front converges and peaks to marginally above the t = 3 hrs rate at the
bead's center. We believe that this "focusing" effect is due to the fact that receptors near
the center of the bead see unbound target approaching from all directions, accelerating
the reaction rate.
In our experiment, ka = 15 m3 mol-1 s-1, RT = 0.005 mol m-3, a = 50 µm, D pore =
1.5 µm2 s-1, and D̂a = 125. Since D̂a >>1, the propagation of the bound complex front is
limited by mass transfer, which manifests itself in the multiple hours it takes the reaction
front to reach the bead's center. Jokerst et al. (2011) observed similar diffusion-limited
behavior in their agarose bead experiments. Figure 4.6 depicts the predicted penetration
depth of the bound complex front (lines) as a function of time when C o = 10, 40, and 100
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Figure 4.6: Finite element results (lines) for the radial penetration depth of the bound
complex front as a function of time when Co = 10, 40, and 100 nM ( C o RT = 0.002,
0.008, and 0.02, respectively). Confocal experimental data (squares with
corresponding micrographs) when Co = 100 nM. In the model, the penetration depth
was defined as the position where B reached 20% of its value at equilibrium.

nM ( C o RT = 0.002, 0.008, and 0.02, respectively). The location of the theoretical front
is defined as the position where B achieves 20% of its equilibrium value. Confocal data
from the experiment is included only for the 100 nM case, illustrating that the simulation
predictions are in accord with our experimental observations. The bound complex front
reaches the center of the 100 µm diameter bead just after t = 3 hrs for C o = 100 nM, but
has not yet reached the center after 5 hrs for C o = 10 and 40 nM. In agreement with our
intuition, the greater the ratio of target molecules to available receptor sites ( C o RT ), the
more rapidly the bound complex front reaches the center of the bead.
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While in our experiments it took a significant amount of time for the QDot target
to access receptor sites deep within the bead, introducing bead pulsation (Chapter 5) or
employing smaller target molecules with higher diffusion coefficients, homogeneous
agarose beads with larger pores (e.g. 2% or 4% beads), or superporous agarose beads
(Gustavsson and Larsson 1996; Yang et al. 2008) could significantly enhance the rate of
binding. Although reducing the agarose mass fraction of the bead increases pore size and
mass transport, it reduces the number of available receptor sites and may compromise the
structural integrity of the bead. For further discussion, the novel work of Gutenwik et al.
(2004) models the impact of variable diffusion coefficients and porosities on mass
transfer and reaction kinetics in agarose gels. Their model predicts an optimal pore size
distribution as a function of the size of the target molecule.
4.4 Bead Heterogeneity Due to Compression
The elastic properties of uniaxially compressed soft, deformable spherical
particles have been widely studied both theoretically and experimentally (Liu 2006; Liu
et al. 1998; Andrei et al. 1996; Egholm et al. 2006; Lin et al. 2008) and are not discussed
in detail here. However, much less work is dedicated to understanding how compressioninduced internal stresses and stains impact the local porosity of the bead, thus creating a
spatially dependent diffusion coefficient inside the bead. To preliminarily model the
compression of the bead as a result of hydration and confined swelling in the conduit, we
employ the Structural Mechanics Module in COMSOL Multiphysics 3.5a (the
Hyperelastic Seal model provides an example of the modeling procedure). This model is
suitable for problems with moving interfaces and large deformations. Using
Axisymmetric mode, we draw a 100 µm diameter bead between two parallel plates
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Figure 4.7: Predicted normal stress distribution in a uniaxially compressed bead at (a)
10 µm, (b) 30 µm, and (c) 50 µm upper plate displacement.

initially spaced 100 µm apart. The bottom plate is fixed and the top plate moves down a
prescribed displacement of 50 µm to mimic bead compression in the conduit. Contact
Pairs are specified to ensure that the plates can not penetrate into the bead during the
compression; Master and Slave boundaries are specified on the plates and bead,
respectively. The bead is modeled as a nearly incompressible Mooney-Rivlin material,
with constants C10, C01, and κ specified, respectively, as 0.37, 0.11, and 1E4 MPa based
on the Hyperelastic Seal example for a soft rubber material. Young's Modulus ( E ) for
the bead was estimated at 1 MPa based on mechanical characterization data for agarose
microbeads (Yan et al. 2009). After meshing the domain, with a refined bead mesh near
the two contact interfaces, the Parametric Solver was used to solve for the prescribed 50
µm displacement, in 10 µm incremental steps.
In the results that follow, qualitative trends for stress, pore size, and diffusivity
distributions inside the compressed bead are the objective, not quantitative values. Figure
4.7 shows the magnitude of the normal stress in the axisymmetric direction for 10, 30,
and 50 µm upper plate displacements. To determine how the results impact diffusivity
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dpore_stressed_max= 48 nm

Dpore_max= 1.5 µm2/s

Dpore_min= 0 µm2/s

dpore_stressed_min= 22 nm

Figure 4.8: Predicted local pore size (a) and QDot diffusion coefficient (b) in a
uniaxially compressed bead. The diffusion coefficient is reduced in regions with
smaller pores.

requires one relationship between internal stress and pore size and another relationship
between pore size and pore diffusion coefficient. An expression for pore diameter
variation as a function of applied compressive stress for a porous sheet is available (Jena
and Gupta 1999).
dp
d po

= 1−

σ2
E2

(4.9)

where d po is the pore diameter with no stress and d p is the pore diameter at stress level

σ . A scaling coefficient (0.4) multiplying the σ 2 E 2 term in Eq. 4.9 was added to
account for tensile stresses that can occur in a compressed sphere (and not a compressed
sheet) and yield d p ≈ 50 nm in zero stress regions of Figure 4.7c. The pore size
distribution in the bead utilizing Eq. 4.9, with d po = 48 nm (Hagel et al. 1996), is shown
in Figure 4.8a. Several models are available in the literature to describe how the diffusion
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coefficient in pores ( D p ) varies with the effective diameter of the pores and with the size
of the diffusing molecule (Gutenwik et al. 2004). D p is related to the diffusion
coefficient in water ( D po ) and is typically expressed as a function of the quotient, λ ,
between the molecule diameter and the pore diameter ( λ = d QD d p ). We use the
frequently cited Renkin model for our bead-QDot system (Gutenwik et al. 2004):
Dp
D po

(

(1 − λ )2 1 − 2.104λ + 2.09λ3 − 0.956λ5
=
0

)

λ <1
.
λ ≥1

(4.10)

When λ > 1 , the QDot is larger than the pore and is therefore prevented from diffusing
into the bead ( D p = 0). Figure 4.8b depicts the local diffusion coefficient inside the
compressed bead. Importantly, the simulation predicts D p ≈ 0 in the vicinity of the two
contact interfaces, which agrees with our confocal results showing a lack of binding in
the bead near the contact interfaces (Figure 4.9).
In addition to visualizing the propagation of the bound complex front from the
top, confocal image processing enabled us to construct side views of the beads. This view
alludes to the geometry of the compressed bead within the channel, as well as the shape
of the bound complex front as a function of vertical position within the bead (Thompson
and Bau 2010b). Figure 4.9a shows the coronal and sagittal side views of the three beads
in our array (Figure 4.1) as a function of time. The shapes of the compressed beads
resemble oblate spheroids. When t ≥ 4 hrs, the compression-induced impediment
becomes more apparent and the QDot front is impeded from accessing the top and base
of the bead at the bead-conduit wall interface. This effect is due to the compression of the

74

a

Bead 1
(95 µm)

Bead 2
(100 µm)

Bead 3
(105 µm)

0 hr
1 hr
3 hr
5 hr
7 hr
9 hr

b

130 µm

140 µm

BEAD

WELL

SUBSTRATE

WELL

c

Figure 4.9: (a) Reslice of confocal image stack showing shape of bound complex
front (side view) propagating toward the center of Beads 1-3 from Figure 4.1. (b)
Results for an intermediate time in a similar experiment with larger, more compressed
beads. (c) Qualitative comparison of experimental shape of bound complex front (left)
and finite element prediction for QDot diffusivity inside a compressed bead (right).
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bead influencing its internal porosity (Lin et al. 2008). Figure 4.9b shows similar results
for an intermediate time in an experiment with two larger beads (130 µm and 140 µm
diameter). In the uncompressed state, the pore diameter of our beads is ~50 nm (Hagel et
al. 1996). For the compression ratios utilized in our experiments (typically ≥ 50%), it is
plausible that the pore size within the bead is reduced enough to impact the navigation of
the 10-12 nm diameter QDots. Figure 4.9c illustrates qualitative agreement between the
experimental shape of the bound complex front and the finite element predictions for
QDot diffusivity inside the compressed bead. Bound QDots are not visible near the
contact interfaces because the QDot diffusivity is lowest in these regions.
Several literature studies support our observations and provide additional insight
on how internal stresses in a compressed bead may impact porosity. Chen et al. (2006)
simulated the stress distribution in a ruby microsphere uniaxially compressed between
two sapphire plates. Egholm et al. (2006) used a viscoelastic finite element model to
simulate the uniaxial compression of polymer gel beads. In both cases, the stresses are
highest at the contact interface. The compressive stress along the loading axis is
maximized at the two contact areas between the bead and the conduit walls and decreases
toward the center of the sphere. In the medial slice of the sphere, the stress is distributed
over a larger cross-sectional area. At the periphery of the bead, the stress is tensile. This
is what we observe in our simulation (Figure 4.7). Since pore size decreases as
compressive stress increases (Jena and Gupta 1999; Jaganathan et al. 2009), and the
QDots' ability to diffuse within the bead is hindered in regions with smaller pores, our
experimental observations agree with theoretical expectations. This hypothesis is
supported by our further experimental observations that the effect was more pronounced
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for larger beads (greater compression ratios) and did not appear for uncompressed beads
with a strain-free, isotropic pore size distribution, where the bound complex front
uniformly entered the bead.
4.5 Conclusions
To consolidate the benefits of porous agarose microbeads and microfluidics, we
fabricated an array of beads within a microconduit and carried out a sequence of
experiments to test the array. As a model system, we used agarose beads functionalized
with streptavidin as a receptor and biotinylated quantum dots as the target analyte.
Confocal microscopy techniques were used to image the concentration of the quantum
labels within the bead as a function of time. We observed the presence of a front of bound
QDots, whose motion toward the center of the bead exhibited an approximately square
root dependence on time. Also, in experiments with no binding, we provided the first
estimate for the reduced diffusivity of quantum dot nanoparticles in porous agarose beads
compared to free solution, D pore Dbulk = 0.09, which should be a useful result for
researchers employing such label and support systems.
Concurrently, we carried out three-dimensional finite element simulations in
which we computed the flow and concentration fields in and around the beads at various
times and obtained predictions for a front of bound quantum dots propagating toward the
center of the bead. The mathematical model consists of the solution of the momentum
and advection-diffusion equations in the conduit and in the bead. Inside the bead, the
model accounts for the reaction consuming analyte from solution. Parameters for the
simulation were determined experimentally and using relevant literature estimates and
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were homogeneous throughout the bead. The simulations offer a convenient tool to
predict how different experimental parameters impact the assay.
The theoretical predictions were compared and agreed reasonably well with
experimental observations. This suggests that the computer simulations can provide a
useful optimization tool for the design of porous bead arrays and biosensors. Certain
aspects of the model could be improved, such as coupling mass transfer to positiondependent parameters within the bead that vary with the degree of bead compression in
the conduit. Such a study was not carried out because detailed information on the spatial
dependence of internal porosity, permeability, and diffusivity of compressed gel beads is
not readily available. While such an investigation could potentially merit future work, the
model in its current form provides reasonable results.
In addition to results obtained for a porous bead with uniform properties, we
demonstrated the impact of bead compression on local internal pore structure. Qualitative
agreement was shown for the shape of the bound complex front inside the bead observed
with confocal microscopy and the local internal diffusion coefficient predicated with
preliminary finite element modeling. Bound complex did not reach regions in the vicinity
of the contact interfaces because the local diffusivity near the interface is approximately
zero. On a related note, in the next chapter we find experimentally that during
compression the lateral diameter of the bead does not observably change (Figure 5.1b)
due to a decrease in the bead's interstitial pore volume. The parallel plate compression
finite element model (Figure 4.7) could be improved to reflect this property of the bead.
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CHAPTER 5: Pulsation of Porous Beads

5.1 Introduction
The large surface area to volume ratio and the accessibility to mass transfer of the
three-dimensional internal microstructure of porous beads offer a large density of binding
sites, which translates to improved sensitivity (Ali et al. 2003). As seen in Chapter 4,
porous beads may suffer, however, from relatively low mass transfer rates of target
analytes from the bulk of the solution into the bead interior. Thus, relatively long
incubation times are needed to take full advantage of the porous bead's high binding
capacity.
Here, we demonstrate, for the first time, that alternating compression and
expansion of porous beads significantly enhances the mass transfer of analytes to interior
binding sites and, thus, the binding rate. The pliable, sponge-like nature of agarose
enables significant bead compression. During bead compression, the nanopores in the
polymer matrix collapse and expel fluid from the bead's interior. When the compressive
force is relaxed, due to the bead's elasticity (Lin et al. 2008; Egholm et al. 2006; Liu
2006; He et al. 2009; Knaebel and Lequeux 1997; Andrei et al. 1996; Yan et al. 2009),
the bead expands and resumes its shape prior to the compression. During the expansion
stroke, solution laden with target analyte flows into the bead's interior, allowing target
molecules to bind to the immobilized ligands. Preliminary experiments were carried out
to compare the performance of the pulsating beads with that of conventional, nonpulsating beads. These experiments indicate that the pulsating beads significantly
accelerate binding rates with minimal increase in non-specific binding. Thus, this novel
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pulsing assay has the potential of significantly reducing assay time (Thompson and Bau
2011).
5.2 Experiments
To illustrate the concept, we constructed a simple experiment. We inserted both
functionalized and unfunctionalized (control) agarose beads in a microfluidic chamber.
A programmable micromanipulator was used to manipulate a rod, which periodically
pushed the chamber's ceiling down (Figure 5.1a). This process resulted in alternating
compression and expansion of the bead (Figure 5.1b). During the compression stroke, the
pores in the bead collapsed and liquid was expelled out of the bead.

During the

expansion stroke, solution laden with target molecules permeated into the bead (Figure
5.2c). The imbibition of the solution resulted in significantly enhanced mass transfer
compared to diffusion alone as well as greater binding rates.
The experimental flow cell consisted of three layers: a bottom rigid glass substrate
(a 1 mm thick glass slide); a central double-sided adhesive tape with a conduit cut in its
center with a laser machine; and a top, flexible, plastic cover made with 100 µm thick
cyclic olefin copolymer (COC, Plitek, Des Plaines, IL). The adhesive tape acted as a
spacer, dictating the height of the conduit, as well as a sealing material. The COC cover
contained inlet and outlet ports.
Streptavidin-agarose

"test"

beads

(6%

agarose

mass

fraction,

Pierce

Biotechnology, Rockford, IL) and unfunctionalized "control" beads (6% agarose mass
fraction, Sepharose CL-6B, Sigma-Aldrich, St. Louis, MO) were inserted into the
reaction chamber and allowed to dry at room temperature prior to attaching the COC
cover. In the experiments in the 75 and 125 µm tall conduits, we focused, respectively,
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Figure 5.1: (a) A photograph of the experimental pulsation setup on the stage of an
inverted epifluorescence microscope with a programmable micromanipulator. (b) Side
view of an agarose bead being compressed and relaxed with a glass microrod.

on beads with dry diameters greater than 30 and 50 µm. After attachment of the COC
cover, the chip was mounted on an epifluorescence inverted microscope (IX71, Olympus
Corporation, Melville, NY) equipped with a CCD camera (Orca-ER, Hamamatsu,
Bridgewater, NJ), 100 W mercury discharge lamp, and programmable Eppendorf
TransferMan NK2 micromanipulator (Eppendorf North America, Hauppauge, NY). A
syringe pump (PHD 2000, Harvard Apparatus, Holliston, MA) was connected to the
chip's inlet with a tube and a small PDMS connection port.
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Figure 5.2: A schematic illustration of the pulsing process used in our proof of
concept experiment. (a) Initially a porous, streptavidin-coated agarose microbead is
immobilized in a microconduit and subjected to the continuous flow of biotin-coated
quantum dot solution. (b) The bead is compressed with a glass rod. (c) Once the rod is
lifted, the conduit and bead return to their initial configuration. The effect of pulsing is
monitored by measuring the fluorescent intensity of the bead as a function of time.

Deionized water was initially pumped through the conduit to hydrate the beads.
As the beads absorbed water, they swelled considerably. In the absence of the confining
conduit's ceiling, the bead's diameter would swell to about 250% of its original size (e.g.
a dry bead of 40 µm diameter would expand to 100 µm upon hydration). In our conduit,
the bead's expansion in the vertical direction was restricted by the conduit's height, which
was smaller than the diameter of the hydrated bead. As a result, the bead lodged against
the conduit's floor and ceiling, assumed the shape of a flattened ellipsoid, and remained
fixed in place (Figure 5.2).
After hydrating the beads with water, we pumped a Phosphate Buffered Saline
solution (1X PBS, HyClone Laboratories, Inc., Logan, UT) laden with a specified
concentration of biotin-functionalized quantum dots (biotin-QDot605, Invitrogen,
Carlsbad, CA) through the conduit. The QDots had an approximate diameter of 11 ± 1
nm and were able to migrate through the ~50 nm diameter pores (Hagel et al. 1996;
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Jokerst et al. 2011) of the (6% mass fraction) agarose beads. The diffusion coefficient of
the QDots inside the beads was about an order of magnitude lower than in the bulk
solution (Chapter 4). In our experiments, the QDots simulated the target analyte. The
QDot solution was pumped through the conduit continuously at a flow rate of 0.1−1 µL
min-1. A sufficiently high flow rate was chosen to approximate well-mixed conditions
next to the surface of the beads as judged by the uniformity of the QDots' emission
intensity outside the beads. We did not observe any significant reduction in QDot
concentration next to the beads' surface.
The QDots were imaged with a long pass filter (ex: 470 nm, em: > 515 nm, filter
set 11001, Chroma Technology Corporation, Rockingham, VT). The concentration of
the QDots in and around selected beads was monitored with a 10x or 20x objective.
Fluorescent images were acquired every 5 min and processed with Hamamatsu HCImage
software.
Bead pulsation was initiated either concurrently with the introduction of the QDot
solution or after a predetermined amount of time (to compare the performance of the
same bead in the absence and the presence of pulsation). A relatively simple, but
effective, means was devised to control bead compression. A 1 mm diameter glass rod
was mounted to the arm of the manipulator and was pushed against the COC chip surface
(Figure 5.2) next to the bead(s) of interest. The manipulator's motion was automated
with a string of motion commands sent via the com port. We estimate that the height of
the beads decreased to about 25 or 30 µm in their most compressed state. The force
needed to effect the pulsation was mostly dictated by the mechanical properties of the
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COC cover and was estimated to be about 225 ± 50 mN. The force needed to compress
individual beads is much smaller. We did not measure the pulsating force directly.
We did not observe any hysteresis or leakage during the experiment due to
material fatigue or cracking of the COC cover and expect the single-use (disposable) chip
to remain viable for the duration of a typical test. If necessary, materials with better
mechanical properties than COC can be selected.
Pulsing was briefly paused (for less than 15% of the experiment's duration) to
acquire each fluorescent image. Following the experiment, bead intensity measurements
were performed with Wright Cell Imaging Facility (WCIF) ImageJ version 1.37a
(National Institutes of Health, Bethesda, MD).
5.3 Results and Discussion
The nanopores of our agarose bead matrix facilitated the migration and
subsequent binding of QDots. This process was expedited when the beads were subjected
to periodic pulsing. During compression, there was no observable change in the lateral
diameter of the beads (Figure 5.1b). The compression-induced reduction in the beads'
volume coincided with a decrease in the pores' volume and the interstitial expulsion of
fluid from within the beads' pores. During the release, fluid laden with target molecules
refilled the pores as the beads regained their initial shape. Figure 5.3 depicts the detected
emission intensity (which is proportional to the concentration of the target analyte) as a
function of time for neighboring test and control (unfunctionalized) beads in the absence
and in the presence of pulsing. There was no pulsing for the first 30 min of the
experiment. At 30 min, pulsing was initiated at 1 Hz and continued for the remainder of
the experiment. Inset micrographs for each bead are included in the figure at 25 and 53
84

Absolute Mean Intensity (a.u.)

1500

PULSING OFF
(ω = 0 Hz)

PULSING ON
(ω = 1 Hz)

Test Bead

1000
160 µm

500

Control
0
0

20

40
Time (min)

60

80

Figure 5.3: The emission intensities of a streptavidin-coated test bead and a control
(unfunctionalized) bead as functions of time. During the first 30 min, the beads are not
pulsed. Pulsing at 1 Hz commences at 30 min and is maintained for the duration of the
experiment. The micrographs for each bead are at t = 25 min and t = 53 min. The
concentration of QDots in the buffer is 100 nM. Images are taken with a 20x objective
at 2 ms exposure. The conduit is 125 µm tall.
min. It is evident that as pulsing started, the rate of increase of emission from the test
bead was much greater than in the absence of pulsing, indicating a significant increase in
the binding rate. For example, at 25 min (pulsing off), the ratio of test bead intensity to
control bead intensity was ~2, whereas at 53 min (pulsing on) the ratio nearly doubled to
~4. Although the fluorescent intensity emitted by the test bead was much greater than that
emitted by the control bead, we also observed a small increase in the fluorescence of the
control bead during pulsing. Post-experiment, confocal imaging (Figure 5.4) suggested
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Figure 5.4: Reslice of confocal image stack (side view) showing QDots trapped in
control beads at the bead-conduit interface (a) and near the center of the bead (b).

that this was likely due to QDot non-specific trapping at two locations: (1) at the
interfaces between the control bead and the floor and ceiling of the conduit (resulting in
an out-of-focus spot appearing at the bead's center when one is focusing the microscope
objective at the bead's midheight plane); and (2) near the center of the control bead due to
great reduction in pore size during compression preventing QDot outward migration (the
same effect was not observed in the test beads because unbound QDots did not reach the
center of the test bead). The experiments with the control bead indicate that the effect of
non-specific binding was minimal. For instance, in Figure 5.3 the test bead intensity at 53
min was 124% above its value at 25 min, whereas the control bead intensity at 53 min
was 15% above its value at 25 min.
Figure 5.5 depicts the signal intensities of a test bead subjected to pulsing at 2 Hz
and a test bead in the absence of pulsing as functions of time. Micrographs for each bead
are included at 27 and 46 min. Witness that the pulsed bead's signal intensity increased
more rapidly than that of the non-pulsed bead. To achieve, for example, a signal to noise
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Figure 5.5: The signal intensity emitted by functionalized agarose beads in the
presence of pulsing (2 Hz) and in the absence of pulsing as functions of time. The
micrographs for each bead are at times t = 27 min and t = 46 min. 75 µm tall conduit.
10 nM QDot solution. 10x objective and 30 ms exposure.

(S/N) ratio of 3, it takes approximately 15 min for the pulsed bead and 40 min for the
non-pulsed bead (background noise is assumed to be equal to the bead's mean intensity at
t = 0 min). One hour after the start of the experiment, the intensity of the pulsed bead is
more than twice that of the non-pulsed bead. These results demonstrate the enhancement
in mass transfer and subsequent binding due to pulsation. For the pulsation frequencies
tested between 0.5 and 2 Hz (data not shown here), with the precision of our experiments,
we did not see a significant dependence of bead intensity on pulsing frequency.
Limitations of our experimental apparatus prevented us from testing higher frequencies.
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Figure 5.6: Post pulsation brightfield and fluorescence results at 4x magnification for
pulsing frequencies of 0.5 Hz (a), 1 Hz (b), and 2 Hz (c). The brightfield images show
damage to the chip at the pulsing location. The fluorescent images show the enhanced
binding (brighter beads) in the vicinity of the pulsing location. 75 µm tall conduit. 10
nM QDot solution.

However, we would expect that for a given assay, an optimal pulsing frequency exists
that depends on factors such as the bead pore size, target size, diffusion coefficients, and
interaction kinetics.
Figure 5.6 depicts brightfield and fluorescence results (4x magnification) for three
chips pulsed for 65 min, respectively, at 0.5 Hz (a), 1 Hz (b), and 2 Hz (c). The
brightfield images show the bead distribution in each chip and the localized damage
resulting from the forces of prolonged pulsing. These forces also result in a circular area
in the conduit (centered at the pulsing location) that is void of beads. The corresponding
fluorescent images show the increased binding in beads (brighter beads) closest to the
pulsing location that experience the greatest deformations.
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5.4 Conclusions
Our preliminary data demonstrates that alternating compression and expansion of
porous beads can significantly increase mass transfer into the bead's interior and shorten
assay time. We repeated similar experiments 16 times and observed similar results. The
method used in our experiments to compress the beads and prove the concept is
somewhat primitive and may not be appropriate for all circumstances.

There are,

however, many more elegant alternatives to induce bead deformation. The chip may be
fitted with a small actuator, such as a membrane that is deformed with hydrostatic
pressure induced by an external pressure or heat source; a membrane driven by
electrostatic forces; a cell phone vibration motor; or a piezoelectric element, to name just
a few options. Other alternatives include embedding magnetic particles in the bead and
applying non-uniform, alternating magnetic fields or embedding hydrogels that undergo
phase transition upon temperature variations (Gijs 2004; Richter et al. 2003). To the best
of our knowledge, this is a first report on using a pulsating bead to enhance mass transfer
and accelerate binding kinetics. The technique has the potential of shortening assay times
and improving detection sensitivity within given time constraints.
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CHAPTER 6: Further Characterization of Beads on a Chip
6.1 Introduction
In this chapter, we investigate some of the fundamental properties of agarose bead
chips that will enable them to actually be deployed in remote locations. First we address
how the chips respond to prolonged storage at room temperature by depositing chips
containing dry test and control beads in desiccated, air tight bags for a predetermined
amount of time. After the set time, the biological activity of the beads is tested using the
same biotin-QDot target as discussed in previous chapters. Next, in contrast to utilizing a
benchtop microscope to measure bead emissions, here we determine if similar
measurements can be performed with a portable, handheld fluorescent reader. Our results
demonstrate that streptavidin-agarose beads are robust over prolonged periods of storage
and that agarose beads in a microfluidic chip are capable of emitting sufficient levels of
fluorescence to be detected by a handheld commercial reader.
6.2 Shelf Life of Bead Chips
The purpose of this shelf life study was to determine how long a chip containing
functionalized beads could be stored without refrigeration while still remaining
biologically active. Again utilizing the biotin-streptavidin model system, 0.4 µL of test
beads and 0.3 µL of control beads were dispensed into 30 separate flow cell chips and the
beads were allowed to dry at room temperature. The chips were stored in individual 4×6
inch static shielding bags (S-7615, Uline, Waukegan, IL) containing a 1/6 unit Tyvek
desiccant pack (Sphinx Adsorbents Inc., Springfield, MA) and 10-60% relative humidity
indicator card (S-8028, Uline). Each bag was manually compressed to remove ambient
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air and sealed with an impulse heater (H-293, Uline) prior to storage. The activity of the
beads, quantified by fluorescent intensity measurements, was tested periodically after
predetermined lengths of storage. For each test, 10 nM biotin-QDot605 solution was
pumped through the conduit (0.11 µL min-1 flowrate) containing the beads for 200 min
and sequential data points were acquired every 10 min using our BX51 epifluorescence
microscope (10x objective) and Cooke pco1600 camera system.
Upon cutting open each bag, the indicator card revealed that the relative humidity
inside the bag was less than 10%. To analyze the fluorescent images, a normalization
procedure was developed to account for the fact that each chip contained a different bead
number and distribution. A sample of the bead distribution in chips stored for 0, 23, 139,
and 275 days (after 200 min of incubation with QDots) is shown in Figure 6.1.

0 days

23 days

275 days

139 days

Figure 6.1: Fluorescent images showing the bead distribution in chips stored for 0, 23,
139, and 275 days (after 200 min of incubation with QDots). 10x objective.
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The normalization steps to analyze images using ImageJ were as follows:
1) Select Image (t = 200 min)→Adjust→Canvas Size→1600×1180,
2) Process→Subtract Background→Rolling Ball Radius = 500,
3) Plugins→Stack→Measure Stack (measures Integrated Density of each image in
stack)→Save As Excel File,
4) Image→Adjust→Threshold→Dark Background→Value = 980,
5) Analyze Particles (calculates Total Measured Area of all particles with intensity
above Threshold), and
6) Divide Integrated Density by Total Measured Area to obtain normalized intensity for
each image.
The corresponding plot of normalized bead intensity (t = 200 min) vs. chip
storage time is shown in Figure 6.2. The intensity of the control beads was below the
minimum threshold, thereby registering zero intensity. After one year, the test beads were
still able to capture biotin-QDots from solution, indicating that the streptavidin on the test
bead was still biologically active. This important observation provides insight into the
amount of time a bead-based chip could potentially be stored without refrigeration before
performing a test.
We also conducted a set of experiments to determine if the test beads would
remain biologically active when stored in an unsealed chip (open to atmosphere). The
chip loading procedures were essentially the same as described earlier, however the chips
were not sealed in airtight bags with desiccant. Not surprisingly, due to exposure to room
conditions, the streptavidin on the test bead lost nearly all activity after approximately 1
week of open storage (data not shown).
92

Normalized Intensity

1
0.8
streptavidin-coated test beads

0.6
0.4
0.2

non-functionalized control beads

0
0

100
200
300
Chip Storage Time (days)

365

Figure 6.2: Normalized bead intensity as a function of chip storage time. The intensity
of the control beads was below the minimum threshold intensity, thereby registering a
zero value for each chip.

6.3 Bead Measurements with ESE Handheld Fluorescent Reader
In order for lab-on-chip devices to become prevalent in remote locations outside
of a hospital or doctor's office, portable, reasonably priced instruments must be available
that can detect fluorescence from a binding assay. Currently, the majority of these
detectors are costly benchtop units that are neither standalone nor easily transportable.
Given the importance of microbead-based biosensing in lab-on-chip devices, it is of
paramount significance to show that light emitted from beads can be measured with
portable, standalone detectors.
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Figure 6.3: Components of ESE fluorescent reader. (a) FluoLog handheld measuring
system (left) and FluoSens reader head mounted on a vertical stage (right). The blue
spot of light beneath the reader head excites bead-bound fluorophores within the chip.
(b) Graphical User Interface for measuring intensity (in mV) of bead emissions.

Here we demonstrate the feasibility of using our ESE (Embedded System
Engineering GmbH, Stockach, Germany) handheld fluorescent reader (Figure 6.3) to
measure light emissions from beads immobilized in a conduit. To accommodate the
reader filter (ex: 470 nm, em: 520 nm), we monitored the binding of streptavidinAlexaFluor488 label to biotin-coated agarose beads.
To perform an experiment, a 50% slurry of polydisperse biotin-coated agarose
beads (Pierce) was diluted twofold with deionized water. An ~0.5 µL aliquot of the bead
solution was dispensed in the center of our double-sided adhesive membrane channel.
The beads were spread with a pipette tip (a small spacing between the beads in the
packed bed was found to improve mass transfer) and allowed to dry at room conditions.
The flow cell was sealed with a second piece of 100 µm COC and connected to the
syringe pump as described earlier. To align the reader lens with the bed of beads, the
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opaque circular base of the mounting microscope (Figure 6.3a) was replaced with a thin
piece of transparent acrylic of the same diameter. A mirror was placed under the acrylic
to show the location of the beads relative to the pulsing blue light from the reader lens.
The position of the chip was maneuvered such that the beads were directly in line with
the emitted reader light during autozeroing of the reader (which set the background
fluorescent intensity to 0 mV).
6.3.1 Binding Curves for Varying Analyte Concentration
To demonstrate that the reader could detect emissions from the beads as a result
of the streptavidin-AlexaFluor488 label binding to the biotin-coated agarose, in separate
experiments, different label concentrations were flown in the conduit (0.11 µL min-1)
containing the beads. The variable sensitivity of the reader was set to a value (sens = 25)
where any background fluorescence from the test beads (with deionized water flowing in
the channel) was too weak to detect, and the face of the reader was positioned at a height
h = 3 mm above the top surface of the chip. This height corresponds to the thickness of
an opaque piece of plastic tubing that was mounted on the face of the reader to protect the
lens and minimize the impact of ambient light on intensity measurements. The sensitivity
of intensity measurements to reader height is discussed in the next section.
An additional control test was performed at sens = 25 to ensure that signal
intensity increases were due only to label specifically binding to the bead. Plain agarose
beads (Sepharose CL-6B) were immobilized in the channel and 10 µg mL-1 streptavidinAlexaFluor488 was flown over the beads for 60 min. Intensity measurements of the beads
were acquired by the reader every 5 min. The test showed undetectable non-specific
binding of label to the agarose matrix.
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Figure 6.4: ESE reader fluorescent intensity measurements of biotin-coated bead
chips for 0, 36, 360, and 3600 nM streptavidin-AlexaFluor488 target concentrations.

Next, in four separate chips, streptavidin-AlexaFluor488 solution at concentration
0, 2, 20, and 200 µg mL-1 (0, 36, 360, 3600 nM respectively) was flown over the beads
for 45 min. Figure 6.4 demonstrates the results of the experiment. The reader was able to
detect the fluorescence from the bed of beads, and higher analyte concentrations resulted
in higher fluorescent intensities. Inset micrographs at the conclusion of the 20 and 200 µg
mL-1 experiments are included to show typical distributions and fluorescent emissions
from the packed beds. A source of variability in these experiments was the initial loading
of the beads. Since the beads are polydisperse, the distribution of beads following
hydration is random, which implies that the mass transfer to the beads is variable from
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Figure 6.5: (a) Schematic of ESE reader experimental setup. (b) Intensity
measurements of fluorescing beads for various reader heights and positions along the
conduit. (c) Maximum intensity as a function of reader height above the chip.

experiment to experiment. However, using order of magnitude variations in analyte
concentration to generate binding curves is sufficient to illustrate the concept that higher
concentrations yield more binding and thus higher bead fluorescent intensities.
6.3.2 Bead Fluorescence for Varying Reader Positions Relative to Chip
Here we used a chip containing biotin-agarose beads that had been pre-incubated
with 20 µg mL-1 streptavidin-AlexaFluor488 for 60 min. The chip was disconnected from
the syringe pump. To see how the alignment of the chip with the reader lens and the
vertical distance from the beads to the lens impacted the measured intensity of bead
emissions, varying chip/reader positions were tested. For each height from 3-9 mm (in 1
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mm increments), the reader was moved laterally along the channel (Figure 6.5a),
traversing the bead bed, from position -2 mm (before the beads) to position 2 mm (past
the beads) in ½ mm increments. Figure 6.5b demonstrates the sensitivity of the measured
intensity to proximity to the beads. The data points for each height were fit with a
Gaussian using Matlab's Curve Fitting Toolbox. Figure 6.5c is a plot of the maximum
measured intensity for each height in Figure 6.5b. These results demonstrate that the
optimal distance from the face of the reader to the top of the chip to achieve maximum
signal strength is ~4 mm. Such a signal would be desirable to detect the lowest target
concentration in the shortest amount of time in an actual immunoassay test.
6.4 Conclusions
In this chapter, we demonstrated that dry streptavidin-agarose beads could be
stored on-chip in a desiccated, airtight environment for at least one year. The same was
not true for beads stored in open atmosphere, which lost their biological activity within a
week. Although streptavidin is a highly robust protein, and it is unclear how other beads
with different functionalities would respond to storage, we established the viability of
storing streptavidin-agarose beads in a remote location without refrigeration. These
beads could also serve as a foundation for other types of biosensing tests employing a
biotin-streptavidin interaction.
We also demonstrated that a portable ESE fluorescent reader could detect bead
emissions from within a chip. While for convenience we connected our reader to a
desktop computer to take advantage of the company-provided software and graphical
user interface, it is reasonable to expect that we could have obtained the same results
using a laptop. In this case, our battery-operated reader and laptop combination would be
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standalone and fully capable of making fluorescent measurements in locations without
electricity. Such capabilities of the bead chip-reader-laptop system would be beneficial
to, for example, a soldier or scientist in the field attempting to detect harmful air or
waterborne pathogens.
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CHAPTER 7: Randomly Structured Bead Arrays for Alternative ChipBased Immunoassays
7.1 Introduction
Multiplexed bead arrays are a powerful tool in the development of sensitive, highthroughput, on-chip immunoassays (Ferguson et al. 2000; Goodey et al. 2001; Fan et al.
2006; Ng et al. 2008; Xu et al. 2008; Barbee and Huang 2008; Lee et al. 2009). In this
chapter, we demonstrate this concept with two different chip designs. In the first
approach, a chiplet containing a microwell array patterned on a silicon wafer (Illumina
Inc., San Diego, CA) is integrated into a standalone pouch-based reagent delivery system.
In the second approach, avoiding packaging that increases device complexity and may
adversely impact device reliability (Qiu et al. 2009; Xu et al. 2008; Li et al. 2005; Ng et
al. 2008), an embossed microwell array is directly integrated into a plastic chip. The
relative merits of each approach are discussed.
In both approaches, two types of functionalized polymeric monodisperse
microbeads from a master library containing both bead types are dispensed onto the
microwell array. Once the wells are populated with beads, the identification and location
of each bead in the array is recorded by means of a decoding process, whereby each bead
type is identified by its fluorescent intensity with a CCD camera. The biosensing
capability of the array is tested using beads coated with antibodies to Interleukin-8 (IL-8,
8 kDa) and beads coated with antibodies to Vascular Endothelial Growth Factor (VEGF,
42 kDa) to demonstrate the specific detection of IL-8. The transparent chip materials
enabled in situ imaging of the beads to quantify the amount of target captured at each
bead while exhibiting low background fluorescence. In an alternative deliberate loading
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approach (not requiring decoding) discussed in Thompson et al. 2010, individual
magnetic beads can also be controllably placed in predetermined microwells using a
custom-made magnetic probe.
7.2 Pouch-Based Immunoassay with Integrated Etched Silicon Bead Array
The uniqueness of the pouch-based cassette we designed for this assay stems in
part from our recognition that a device for use at home by an individual, at the point-ofcare (e.g. in a doctor's or dentist's office), or in the field (e.g. to test a water supply for
different types of bacterial contamination) must be fully contained with on-board storage
of all reagents and have a shelf life of several months to a year. The pouch-based cassette
consists of two inexpensive parts (~$2 per chip without mass production) that are
fabricated by CNC machining. The upper part contains the reagent pouches (~50-100 µL
in volume) and valves and is formed by laminating a flexible membrane to a plastic
(polyethylene) substrate. The pouches store the various buffers and wash solutions. The
lower part of the cassette is made of polycarbonate and contains the flow conduits,
reaction chambers, microbead array (chiplet; Figure 7.1), and needles to facilitate
hydraulic connections with the upper part. Prior to use, the two parts are mated using
alignment pins to ensure a proper connection. The needles penetrate a thin piece of
double-sided adhesive aluminum foil that seals the bottom of the polyethylene substrate
and form quick, leak-free connections between the two parts. The transparent cassette
materials enable in situ imaging of the chiplet with a CCD camera to determine the
registry of target-specific beads according to their fluorescent coding, and to detect the
amount of specific target captured at each bead.
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Figure 7.1: The Illumina silicon chiplet containing a hexagon microbead array. (a)
Micrograph of the microarray of etched wells in the chiplet; after loading, some of the
wells are populated with functionalized beads. (b) Relative size of the chiplet. (c)
Schematic of the chiplet interfacing with the detection chamber milled in a plastic
substrate by CNC machining.

Figure 7.2 shows a cassette designed for a simple immunoassay that integrates the
microbead array. Figure 7.2b shows the bottom side of a mated cassette and illustrates
how the chiplet interfaces with the fluidic channel and detection chamber. Upon mating
the top and bottom pieces, the pouches are depressed in a predetermined sequence to
squeeze their liquid contents into the conduits. In addition to their role as storage
chambers, the pouches act as micropumps and facilitate the transport of the sample from
one reaction chamber to another. When the chemistry is relatively simple such as
immunoassays for the detection of antibodies and antigens, the pouches and valves are
actuated manually with a rigid actuator and pins. In more complicated cases such as the
processing of nucleic acids, individually controlled solenoid actuators may be required to
actuate individual pouches. The pouch system also enables two connected pouches—one
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Figure 7.2: Components of lab-on-chip cassette for microbead immunoassays. (a)
Polyethylene cartridge containing membrane valves and depressible pouches for
reagent delivery and mixing. (b) Bottom side of a mated cassette showing
polycarbonate substrate containing conduits, detection chamber, and silicon microbead
array (chiplet). The array contains wells populated with functionalized beads; the
channels interface with the pouches and valves in (a) through interconnecting needles.

initially empty and one full—to work in tandem for mixing and incubation. As the full
pouch is compressed, the empty pouch fills up; the process is then repeated emptying the
full pouch into the empty receiving pouch.

The liquid is propelled back and forth

between alternating empty and full pouches. This reciprocating flow action is used to
enhance mass transfer and improve the reaction kinetics between target analytes, labels,
and immobilized ligands. Alternating flow provides an advantage over commonly used
commercially available microarrays, where interaction kinetics are governed mostly by
diffusion and can take many hours.
7.2.1 Experiments
To demonstrate the utility of the cassette with the microbead array, we performed
a bead-based fluorescence sandwich immunoassay. The steps associated with the assay
are depicted in Figure 7.3 (which is a modification of a figure presented in Blicharz et al.
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Figure 7.3: A representative protein immunoassay. Two types of pre-encoded
microbeads coated with different receptor antibodies (Blicharz et al. 2009) are
immobilized in wells etched in silicon. Antigen is then incubated with the array and
binds its respective microbead. Next a biotinylated detection antibody is incubated
with the array, and finally labeled with a streptavidin conjugated fluorescent reporter.

2009). In the experiment, we used only two distinct bead types, however the assay can be
readily extended to include many more beads to concurrently test for a large number of
targets. The two model proteins used in this experiment were Interleukin-8 (IL-8, 8 kDa)
and Vascular Endothelial Growth Factor (VEGF, 42 kDa).
An Illumina hexagon well array etched in silicon was loaded with a 1:1 mixture
(1% w/v) of 3.1 µm diameter polymer beads (87% methylstyrene and 13%
divinylbenzene copolymer; Bangs Laboratories Inc., Fishers, IN) coated with anti-IL-8
and anti-VEGF. The beads were impregnated with the fluorescent dye Europium III (ex:
365 nm, em: 605 nm) at different concentrations such that the anti-VEGF beads were
brighter than the anti-IL-8 beads at a 605 nm emission wavelength. See Blicharz et al.
(2009) for a description of the bead preparation procedure. The beads were dried on the
array under room conditions and slight pressure was applied to the beads to assist
settling. The excess beads were removed with a lint-free cloth soaked in Tris Buffered
Saline (TBS) containing 0.05% Tween-20 wash solution. The loaded chiplet was
mounted into the polycarbonate substrate containing 330×330 µm2 square conduits and
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an ellipsoid-shaped detection chamber (long axis: 2.54 mm, short axis: 2.03 mm, depth:
380 µm) (Figure 7.2b) and sealed with double-sided adhesive tape that had a laser-cut
viewing window. In addition the chiplet was secured with a gasket and a bolted plate.
Biotinylated anti-IL-8 detection antibody (R&D Systems, Minneapolis, MN) was
pre-mixed with the streptavidin-AlexaFluor488 fluorescent label (Invitrogen, Carlsbad,
CA) such that the final solution contained a concentration of 3 µg mL-1 antibody and 20
µg mL-1 label. This solution was injected into a pouch in the polyethylene cartridge and
another pouch was filled with wash buffer (TBS + 0.05% Tween-20). After loading, the
cartridge was sealed with a piece of double-sided adhesive aluminum foil (All-Foils Inc.,
Brooklyn Heights, OH).
To initiate the assay, the polyethylene cartridge was mated with the polycarbonate
substrate, and a 125 nM IL-8 sample (R&D Systems) was injected into the cassette inlet
port until it covered the bead array. A background image of the beads using an
AlexaFluor488 filter cube (ex: 495 nm, em: 519 nm) was taken to ensure that the beads
did not autofluoresce. The sample was incubated on the array for 30 min at room
temperature and the secondary antibody mixed with AlexaFluor488 solution flowed over
the array for 20 min with pouch mixing. Unbound constituents were washed away from
the bead array into an empty pouch using the wash pouch.
7.2.2 Results and Discussion
The encoding and signal images of an arbitrary region of the array were captured
using, respectively, Europium and AlexaFluor filter cubes (Chroma). Representative
camera images are shown in Figure 7.4. The encoding image (Figure 7.4a) shows the
location of the two bead types in the array, and the signal image (Figure 7.4b) shows that
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Figure 7.4: Fluorescent micrographs from pouch cassette bead-based immunoassay
with IL-8 target. (a) Encoding image (ex: 365 nm, em: 605 nm) of a small region of
the microbead array randomly populated with anti-VEGF coated beads (more intense,
encircled) and anti-IL-8 coated beads (less intense, framed). (b) Signal image (ex: 495
nm, em: 519 nm) of the same region of the array acquired following protein assay with
IL-8 target. The target was specifically captured, as demonstrated by fluorescent
emission from only the anti-IL-8 beads.

only the anti-IL-8 beads fluoresced at the label wavelength. This indicates that the IL-8
target was captured and labeled by the AlexaFluor488 and that there was undetectable
non-specific binding to the anti-VEGF beads.
Further experiments were performed with the microbead immunoassay using a
simple straight flow conduit, an ellipsoid detection chamber (same dimensions as
previously stated), and a mounted chiplet to test shorter incubation times and how
securely the beads were held in the wells. Tubing inlet and outlet ports were drilled in the
side of a polycarbonate substrate. The inlet tube was connected to a syringe pump (PHD
2000, Harvard Apparatus), and the outlet tube was connected to a drain. Although assay
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times were not optimized, shorter incubation times (10 min or less) were sufficient to
provide a detectable signal. Additional tests were conducted to determine the maximum
shear stresses the beads could withstand during aqueous solution flow without dislodging
from the silicon wells. The flow rate on the syringe pump was incrementally increased up
to 2 mL min-1 (corresponding to an average fluid velocity in the bead chamber of ~40
mm sec-1) without any detectable bead motion. This velocity is much higher than what
would typically be used in a microfluidic device and indicates that the beads would not
become dislodged under normal operating conditions. Moreover, at the conclusion of the
experiments, the exit channel of the device and the drained fluid were examined and
found not to contain any stray beads.
7.3 Chip-Based Immunoassay with Integrated Embossed Plastic Bead Array
7.3.1 Experiments
In our immunoassay experiments, we used a random assembly technique to
populate the embossed microbead array (Figure 2.5b). Microbead stock solution was
prepared by diluting a 1:1 mixture (1% w/v) of 3.1 µm diameter polymer beads (Bangs
Laboratories Inc., Fishers, IN), coated with anti-IL-8 and anti-VEGF, tenfold with
deionized water. A 0.5 µL aliquot of the solution was deposited on the portion of the
COC substrate containing wells separated by 15 µm. The beads were impregnated with
the fluorescent dye Europium III (ex: 365 nm, em: 605 nm) at different concentrations
such that the anti-VEGF beads were brighter than the anti-IL-8 beads at a 605 nm
emission wavelength. See Blicharz et al. (2009) for a description of the bead preparation
procedure. The beads randomly settled into individual complementary-sized wells as the
solution evaporated at room conditions. Excess dry beads were removed with a dry paper
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Figure 7.5: A protein immunoassay performed on microbeads assembled in the wells
of an embossed COC substrate.

Kimwipe (Kimberly-Clark Corporation, Neenah, WI). Any beads remaining in the well
interstices were washed from the conduit at the onset of flow.
To demonstrate the biosensing ability of the array, we performed an on-chip,
bead-based fluorescence sandwich immunoassay (Figure 7.5). In the experiment, only
two distinct bead types were used (same as in Section 7.2); however, the assay can be
readily extended to include many more beads to concurrently detect a large number of
targets. Following assembly, the device was placed under an epifluorescence upright
microscope (BX51, Olympus Corporation, Melville, NY) equipped with a CCD camera
(pco1600, The Cooke Corporation, Romulus, MI) and 100 W mercury discharge lamp.
To initiate the assay, a 1 mL plastic syringe containing 125 nM IL-8 (R&D
Systems, Minneapolis, MN) was mounted on the pump, and the sample was continuously
flown over the bead array for 30 min at a flow rate of 0.11 µL min-1 (corresponding to an
average fluid velocity in the vicinity of the beads of ~25 µm sec-1). A background image
of the beads was acquired using an AlexaFluor488 filter cube (ex: 495 nm, em: 519 nm).
Next, the sample syringe was replaced with Phosphate Buffered Saline (PBS) wash
buffer, which was flown over the array at the same rate for 5 min to remove any unbound
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antigen. After washing, a secondary antibody label solution comprised of biotinylated
anti-IL-8 detection antibody (3 µg mL-1, R&D Systems) premixed with streptavidinAlexaFluor488 fluorescent label (20 µg mL-1, Invitrogen, Carlsbad, CA) was flown over
the beads for 30 min. Finally, any unbound label was flushed from the array with PBS.
Encoding and signal images were captured, respectively, using Europium and AlexaFluor
filter cubes (Chroma Technology Corporation, Rockingham, VT) with camera exposure
times of 500 ms and 1 sec. The images were acquired and saved using Cooke Camware
image processing software. Image analysis and intensity measurements were performed
with Wright Cell Imaging Facility (WCIF) ImageJ version 1.37a (National Institutes of
Health, Bethesda, MD).
7.3.2 Results and Discussion
During preparation for the immunoassay test, beads randomly filled empty wells.
An encoding fluorescent micrograph illustrating a region of 12×12 wells partially
populated with beads, selected from a larger 67×67 array, is shown in Figure 7.6a. An
electron micrograph of a microwell containing a single microbead is shown in Figure
7.6b. Prior to imaging, the bead array was sputter-coated with a film of gold-palladium
(Sputter Coater 108, Cressington Scientific Instruments Inc., Watford, England) to inhibit
electrical charging of the surface. Typically about 1 min is required to manually scan the
array under low magnification to select a region of interest. The intensity of the image
has been enhanced to make the location of the microwells visible. As a result of the
enhancement, the higher emission intensity anti-VEGF beads appear somewhat larger in
size than the anti-IL-8 beads.
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30 µm
Figure 7.6: (a) A 12×12 microwell region selected from within a larger embossed
COC array randomly loaded with anti-IL-8 and anti-VEGF beads. The fluorescent
intensity of the encoding image (ex: 365 nm, em: 605 nm) has been enhanced to
denote the location of the microwells; due to the enhancement, the anti-VEGF beads
appear somewhat larger than the anti-IL-8 beads. (b) Electron micrograph of an
embossed microwell containing a single microbead. The scale bar of the image is 4
µm, and the magnification is 30,000x. The bead and well are coated with a metallic
layer to facilitate electron microscope imaging.

The efficiency of the loading procedure was defined as the fraction of bead-filled
wells. By imaging the bead distribution in 14 different randomly-selected regions of the
COC array in four separate experiments, we estimated an average loading efficiency of
approximately 13%. From prior experiments loading the same beads in microwell arrays
etched in silicon (Section 7.2.1; Qiu et al. 2009), based on 25 different regions in four
separate experiments, we estimate an average loading efficiency of approximately 10%
(these values for silicon are unpublished). Thus the stochastic loading behavior of the hot
embossed wells in plastic is comparable to that of etched wells in silicon. Although these
seemingly low efficiencies still provide ample beads of each type for analysis, should a
better method be devised to load the wells, we would expect the behaviors of plastic and
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silicon arrays to improve similarly. Furthermore, the detection scheme provides one with
the flexibility to select a region for observation that contains dense bead coverage and a
uniform distribution of different bead types.
To assess how firmly the beads were held in the wells, we applied syringe pump
flow rates as high as 100 µL min-1, resulting in an average fluid velocity in the vicinity of
the beads of ~23 mm sec-1. This velocity is significantly higher than one would use in a
microfluidic device under normal operating conditions. Higher flow rates were not
possible in our chip since the very high pressures needed to sustain such flows
compromised chip integrity. By comparing encoding images of the array acquired prior
to the onset of flow and following the experiment, we observed that nearly all (typically
around 95%) of the beads remained in their wells. The loss of any beads occurred during
the initial hydration phase, and not during the flow phase. We suspect that a combination
of electrostatic and van der Waals adhesion forces are responsible for holding the beads
in place (Rimai and Quesnel 2002). During array loading, we found that applying slight
downward pressure to the beads prior to wiping away excess beads resulted in a greater
number of populated wells. This may be due to an increased contact area between the
bead and well resulting from the compliance of the two materials. Such an increase in the
interfacial area would increase the adhesive force, rendering a more secure fit (Rimai et
al. 1995). Even firmer immobilization of the beads in the wells is likely achieved by
reducing the clearance between the bead and the well (Figure 7.6b). Nevertheless, given
that the beads were immobile under flow velocities and shear stresses much higher than
typically encountered in microfluidic applications, the bead array in its current design is
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Figure 7.7: Fluorescent micrographs from COC chip bead-based immunoassay with
IL-8 target. (a) Encoding image (ex: 365 nm, em: 605 nm) of a small region of the
microbead array randomly populated with anti-VEGF coated beads (more intense,
encircled) and anti-IL-8 coated beads (less intense, framed). (b) Signal image (ex: 495
nm, em: 519 nm) of the same region of the array acquired following protein assay with
IL-8 target. The target was specifically captured, as demonstrated by fluorescent
emission from only the anti-IL-8 beads.

feasible for implementation in a microfluidic device operating under normal flow
conditions.
At the completion of the immunoassay for the randomly assembled functionalized
beads, regions of the array containing both bead types in close proximity were identified
and photographed. Representative fluorescent micrographs are shown in Figure 7.7. The
encoding image (Figure 7.7a) shows the location of the anti-IL-8 (square frame) and the
anti-VEGF (encircled) beads in the array. The signal image (Figure 7.7b) demonstrates
that only the anti-IL-8 beads (square frame) fluoresced at the label wavelength. This
indicates that the IL-8 target was specifically captured and labeled by the AlexaFluor488
and that there was no detectable, non-specific binding to the anti-VEGF beads. We did
not observe any non-specific binding of the antigen or label to the COC substrate. These
results agree with our previously published findings for the assay performed in an array
of etched silicon microwells (Qiu et al. 2009). The flow rate and incubation times of the
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assay could potentially be optimized to improve performance. Moreover, the results
illustrate, in principle, that the array can contain multiple bead types, identified (encoded)
by their fluorescent intensity or emission wavelength, to provide multiplexed detection.
To further characterize our device, we considered how the background
fluorescence (autofluorescence) of the substrate material could impact the signal to
background ratio, and thus the detection sensitivity. To that end, we carried out a set of
experiments to compare the background emission of the empty COC microwells to
equivalent microwells etched in silicon (Figure 7.1). By measuring the background
fluorescent intensity for different microscope filter cubes and camera exposure times, we
found that the plastic microwells embossed in 100 µm thick COC exhibited a background
intensity approximately twice as high as the silicon. Although somewhat above the
silicon's emission level, the plastic's background fluorescence was still only a small
fraction compared to fluorescent emissions from the beads at the analyte concentrations
tested in our experiments.
The immunoassay described here was intended only as a proof of concept to
verify the biosensing capability of our plastic chip. Since the background of our chip is
on the same order of magnitude as similar silicon-based arrays and since all the biological
interactions take place on the beads' surfaces and are minimally or not at all affected by
the substrate, it is reasonable to expect that our bead array will provide equivalent
performance to that of a bead array immobilized on a silicon or fiber-optic substrate.
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7.4 Conclusions
In this chapter, we demonstrated the ability to conduct the same bead-based
immunoassay with two different chip designs. In the first approach, a microwell array
patterned on a silicon chiplet was integrated into a finger-actuated, pouch-based reagent
delivery system. In the second approach, a hot embossed microwell array was directly
integrated into a COC chip, facilitating simplicity and eliminating the need for packaging.
A sequence of experiments was performed to test each bead array. Two different
polymer bead types, anti-IL-8 and anti-VEGF, were randomly loaded on the array and
identified by an encoding step based on fluorescent intensity differences. The biosensing
efficacy of the array was verified using the assembled beads to specifically detect the
target protein IL-8. Overall, both the silicon and plastic arrays exhibited low background
emission, and the experiments indicate the feasibility of using both chip designs for
multiplexed analytical studies. Since all the biological interactions take place on the
beads' surfaces, it is reasonable to expect that plastic-based bead arrays and silicon-based
bead arrays will provide similar limits of detection for a given set of test conditions.
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CHAPTER 8: Conclusions
8.1 Summary of Research
Microbeads are emerging as a powerful tool to capture targets of interest from a
biological sample. The integration of microbeads into microfluidic systems for a variety
of test procedures is an area of growing impact. As a platform to capture targets, beads
offer several advantages over planar configurations including large surface areas to
support reactions, the availability of a library of functionalized bead types from many
vendors, and array-based formats capable of detecting multiple targets simultaneously.
These unique qualities make possible a greater number of more rapid and sensitive
biosensing tests. This dissertation provided a focused, systematic, and quantitative
analysis of microbeads in microfluidic systems and presented the development and
characterization of our microbead-based biosensing devices.
A novel method based on hot embossing was developed to integrate an array of
agarose microbeads in a disposable (plastic) microfluidic chip. The beads were
controllably positioned in the array using micromanipulation techniques. The fabrication
method proved relatively straightforward and did not require sophisticated facilities.
Mass transfer and binding kinetics in and around the bead were monitored using
fluorescent quantum dot nanoparticles. Emissions from the QDots were visualized using
epifluorescent and confocal microscopy techniques. The diffusivity of the QDots was
found to be reduced by about an order of magnitude in the nanoporous agarose bead
matrix. Finite element models for porous and non-porous beads were developed to study
the binding process as a function of flow conditions, diffusion coefficients, interaction
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kinetics, and relative target/receptor concentrations. The theoretical predictions were
critically compared and agreed well with experimental observations. Thus, computer
models can facilitate the optimization of bead-based biosensor design. The porous bead
finite element model could be improved by coupling internal bead heterogeneities
resulting from mechanical uniaxial compression (required to immobilize the bead in the
chip during fluid flow) to mass transfer inside the bead. Such a study was not carried out
because detailed information on the spatial dependence of internal porosity, permeability,
and diffusivity of gel beads based on the degree of compression is not readily available.
While such an investigation could potentially merit future work, the model in its current
form provides reasonable results.
Pulsing of porous beads in the chip, and in turn forcing fluid in and out of the
bead at a predetermined frequency, was shown for the first time to significantly enhance
mass transfer and binding rates. However, due to the mechanical forces of the pulsing
process, at times the beads in the conduit could move, making it difficult to directly
compare results for different chips pulsed at different frequencies. This was compounded
by the fact that the impact of pulsing was innately sensitive to the distance between the
bead and the pulsing location. Immobilizing the beads in a well at the base of the conduit
(instead of on a flat surface) could potentially mitigate this difficulty. We did not attempt
such a solution here in order to reduce experimental preparation time. To more
thoroughly understand the mechanism of the enhancement due to pulsing, an analytical
expression for the induced fluid velocity field inside the bead (derived from the bead
pulsing frequency and fluid volume conservation) could be substituted into the
convection-diffusion equation inside the bead and the new binding rate could be found
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using techniques presented in Chapter 4. Constructing a computer algorithm to predict
the flow into and out of the pulsating bead that accounts for the hydraulic resistance of
the scaffold elasticity, as well as devising a means to pulsate the bead with the use of
remote forces would also be advantageous.
Additionally, we established that streptavidin-coated agarose bead chips have a
shelf life of at least one year and that bead fluorescent emissions from within a chip can
be detected and quantified with a portable, handheld reader.
Finally, we demonstrated the incorporation of two types of randomly structured
bead arrays in two distinct polymer-based biosensor designs. Randomly assembled bead
arrays are most conducive to a high degree of multiplexing. In the first design, we
integrated a silicon array (chiplet) in a finger-actuated, pouch-based cassette; in the
second design we integrated a hot embossed COC array in a pump-actuated flow cell.
The second design has the advantages of simplicity and reduced material cost. The bead
positions in the array were identified by their unique fluorescent intensity signature,
which acts like a discrete bar code. The efficacy of each design was validated with a
bead-based immunoassay to detect the inflammatory protein Interleukin-8.
8.2 Outlook
The industrial development of microbead-based, standalone point-of-care devices
is still in its infancy. Many challenges persist including the best way to load, store,
propel, and mix reagents on the bead chip, as well as how to read and interpret test results
without readily available microscopy and image analysis tools. It is my belief that the
commercial development of portable, self-contained microbead-based biosensors will
dovetail with general investment in point-of-care microfluidics. Because of the numerous
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significant advantages of microbeads in microfluidic systems as described in this thesis,
these particles will continue to play an increasingly important role in medical diagnostics,
biological/chemical purifications and separations, food and water safety inspection, and
environmental monitoring. It is my hope that the work described in this dissertation will
help provide a foundation for the development of a new generation of sensitive,
multiplexed, inexpensive, disposable, microbead-based point-of-care devices for use at
home, in a doctor's office, and in remote locations of the world.
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